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Abstract 
 
Air pollution is one of the greatest problems that the world facing is facing today. The 
World Health Organization (WHO) has provided air quality guidelines, which represent 
the most widely agreed and up-to-date assessments of air pollutants on human health, 
recommending stringent thresholds for air quality. This consequently signifies the need 
to develop gas sensors with the specifications that meet WHO targets. Additionally, gas 
sensors are also used in variety of other applications such as in many industrial 
surveillance and processes, automotive, aviation and food industries, medical analysis 
and diagnostics as well as homeland security and defense. 
 Gas sensing using semiconducting oxides has had considerable progress to date. It 
has been demonstrated that the key factors for developing efficient semiconducting gas 
sensors is to make use of selected metal oxides after engineering their morphologies and 
crystallographies. It is well-known that nanostructured metal oxides are generally 
superior in performance due to their high specific surface area. This increased surface 
area facilitates the reactive adsorption/desorption of different gas species onto the 
sensitive metal oxide layer and thus, augments performance of the sensors. Additionally 
nanostructuring can help in tuning of the electronic band structure of the metal oxide 
sensing layer, enhancing both selectivity and sensitivity. Hence, searching for the right 
nanostructured metal oxides with high specific surface area and controllable structures 
for effective gas sensing is an important research goal nowadays. Nanostructuring can 
be carried out via obtaining various nano morphologies. Many studies, however, have 
focused on creating nanofibers and nanopores as these morphologies are recognized to 
be amongst the most efficient for gas sensing applications. 
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 Due to the aforementioned justifications, the author of this PhD thesis became 
involved in the investigation of three different metal oxide nanofibers and nanopores 
metal oxides, which are tin oxide (SnO2) nanofibers, niobium oxide (Nb2O5) and 
tungsten trioxide (WO3) nanopores in both nanoporous and nanofibrious structures. 
There are many different types of gas sensors including those based on conductometric, 
Schottky and optical templates. In this research, the PhD candidate explored these three 
templates and investigated their performances when nanofibers and nanopores SnO2, 
Nb2O5 and WO3 sensitive layers are incorporated with them. To develop the 
nanostructured sensing films, the author chose electrospinning and anodization 
synthesis methods which are the most compatible for forming nanofibrious and 
nanoporous structures.  
 In the first stage, the PhD candidate demonstrated hydrogen (H2) gas sensors 
based on hollow and filled well-aligned electrospun SnO2 nanofibers, operating at a low 
temperature of 150 °C. SnO2 nanofibers with diameters ranging from 80 to 400 nm were 
successfully synthesized in which the diameters of the nanofibers were controlled by 
adjusting the concentration of polyacrylonitrile in the solution for electrospinning. The 
presence of this polymer resulted in the formation of granular walls for the nanofibers. 
The PhD candidate innovatively investigated the correlation between nanofibers 
morphology, structure, oxygen vacancy contents and the gas sensing performances. X-
ray photoelectron spectroscopy analysis revealed that the granular hollow SnO2 
nanofibers, which showed the highest responses, contained a significant number of 
oxygen vacancies, which were favorable for gas sensor operating at low temperatures.  
 In the second stage of this research, the PhD candidate developed nanoporous 
Nb2O5 Schottky diode based ethanol (C2H5OH), H2 and methane (CH4) sensors. In this 
project, 1 m thick Nb2O5 nanoporous films were successfully synthesized via an 
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anodization method at elevated temperatures using mixed solution of ethylene glycol, 
ammonium fluoride (NH4F) and little amount of water. The fabricated sensors consist of 
a fairly ordered nano-vein like porous Nb2O5. Subsequently, platinum (Pt), palladium 
(Pd) and gold (Au) were sputtered as both Schottky contacts and catalysts for the 
comparative studies. The sensing behaviours were studied in terms of the Schottky 
barrier height variations and properties of the metal catalysts. Based on the results 
obtained, it was concluded that sensor with the Pd catalyst offered the best performance. 
The better performance of the Pd-Nb2O5 gas sensor was attributed to the properties of 
Pd catalyst, allowing more efficient breakdown of ethanol molecules and better 
solubility of the H atoms, which resulted in the highest Schottky barrier change.  
 In the third stage, the PhD candidate focused on developing nanoporous Nb2O5 
optical based H2 sensors. In this work the anodization solution was modified to allow 
the process at much higher tempertures and shorter durations which resulted in 
continous and high density nanoporous films in comparison to the stage two. The 
nanoporous Nb2O5 films was prepared by the anodic oxidation of niobium (Nb) 
sputtering-deposited onto fluorine doped tin oxide (FTO). Thin Pt layer was deposited 
as a catalyst capable of splitting H2 molecules. The measurements were conducted over 
a range of temperatures starting from room temperatures to 100 °C. The compact 
nanoporous networks with high active surface areas demonstrated excellent absorbance 
changes at 100 °C with the response factor of 12.1 %.  
 In the last stage, the PhD candidate explored Schottky diode based C2H5OH and 
H2 gas sensors fabricated via anodization of tungsten (W) foil to form nanoporous WO3 
films. The anodization was conducted using ethylene glycol (98% purity) mixed with 
ammonium fluoride (NH4F) and small amount of water. The process resulted in highly 
ordered and large surface to volume ratio WO3 films. Utilizing these nanoporous 
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structures, Schottky diode-based gas sensors were developed by depositing Pt catalytic 
contact. Analysis of the currentvoltage (IV) characteristics and dynamic responses of 
the sensors indicated that these devices exhibited the largest voltage shift towards H2 
gas as compared to C2H5OH at an optimum operating temperature of 200 C.  
 In summary, the PhD candidate believes that the studies carried out in the process 
of this research provided an in-depth vision regarding the fabrication and performance 
of nanofibers and nanoporous metal oxide based gas sensors. 
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Chapter 1  
Introduction  
1.1 Motivation 
Nanostructured metal oxides such as tin oxide (SnO2), zinc oxide (ZnO), molybdenum 
oxide (MoO3), niobium pentoxide (Nb2O5) and tungsten trioxide (WO3) have received 
significant attention as gas sensing devices [1-10]. This is due to their low cost, small 
physical size, simple crystal structure, ease of integration, excellent stability, high 
sensitivity, rapid response and online sensing [11]. The application field spans from 
environmental monitoring, industrial surveillance and process, automative and aviation 
industries, homeland security, medical analysis and diagnostics [11-17]. Many efforts 
have been carried out in the quest for developing gas sensors with better sensing 
properties such as low operating temperature, rapid response and recovery time, high 
sensitivity and stability [18]. The sensing performances were strongly influenced by the 
morphology, porosity, surface energy, stochiometry and large surface-to-volume ratio 
of the sensing films [19]. Thus, this PhD project aims at improving gas sensing 
performance of metal oxide based devices by nanostructuring and tuning the properties 
of the sensitive materials.  
The one dimensional (1D) nanostructures such as nanofibers, nanowires and 
nanobelts have shown great potentials to increase performance of metal oxide based 
sensors [18, 20-25]. With large surface-to-volume ratios and Debye length comparable 
to their dimensions, 1D structures were proven to be an excellent candidate for gas 
sensing instead of their solid flat films or bulk counterparts, providing more available 
surface sites for the target molecule absorption and desorption, while affecting the 
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whole body of the sensitive structure [26]. The directional morphology of 1D metal 
oxides provide low scattering pathways for electron transfer. These configuration are 
also advantageous to achieve high and quick gas response via effective and rapid 
diffusion of target gas species onto the whole sensing surface [27] .  
Nanoporous metal oxides are another attractive platforms for gas sensing with 
enhanced performance [28-30]. These structures have been reported to show very 
high and rapid responses to gas, which are attributed to their large surface area and 
porous architecture, respectively [31]. The whole nanoporous films can be influenced 
by the adsorbed molecules as the target gases can penetrate into the entire films. This 
maximizes the interaction of the exposed surface of the nanostructured films with the 
gas species and consequently further increase the sensor sensitivity. The compatibility 
of the Debye length with the crystallite dimensions of the nanoporous films is also 
another important factor affecting the gas sensor response.  
In this PhD research, the author focuses on (a) SnO2 nanofibers, (b) Nb2O5 and (c) 
WO3 nanoporous gas sensing devices.  
(a) Since the first discovery of SnO2 gas sensor by Taguchi in 1962, it has become 
one of the most investigated materials for developing metal oxide gas sensors [32]. 
SnO2 based gas sensors generally operate at high temperatures and it is also known that 
their stoichiometry and their morphologies have drastic effects on the sensing 
performance [33-35]. As a result, the PhD candidate focuses on tuning the 
morphologies and oxygen content of nanostructured SnO2 in order to reduce the 
operating temperature and improve the sensor response. The 1D nanofiber morphology 
was chosen as such a morphology provides a great flexibility for engineering the 
stoichiometry and morphological aspects [35-38]. Electrospinning method was chosen 
as it offers the capability of producing hollow/filled fibers of different diameters and 
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also provides a base for altering the stoichiometry via changing the precursors in the 
process [39-43]. In this work, the sensing films were fabricated via electrospinning 
method using polyacrylonitrile polymers as the precursor solution which result in filled 
and hollow SnO2 nanofibers with granular walls containing oxygen vacancies. The 
author of this thesis hypothesized that such structures and properties will potentially 
improve the sensor performance. 
(b) Nb2O5 is a metal oxide with unique properties that can offer certain 
opportunities for developing semiconducting and optical gas sensors. Nb2O5 based gas 
sensors with varieties of morphologies such as nanowires, nanorods, nanobelts, and 
nanoparticles as well as nanoporous films have been developed and investigated [44-
48]. Among them, nanoporous Nb2O5 have attracted increasing research interest due to 
its large surface areas and porosities as well as  high degree of tunability [44].  This 
metal oxide can be both intercalated and reduced upon exposure to hydrogen containing 
molecules [45]. This produces changes in electronic band structure that can be 
efficiently used for constructing gas sensors. In this PhD work, several different 
anodization methods are designed and applied by the author of this thesis for producing 
highly ordered nanoporous Nb2O5 films. These methods produce films with properties 
of fairly confined paths for direct electron transfer, large surface areas as well as 
structural dimensions comparable to the Debye length for enhancing the gas sensing 
capabilities of the films [46-48].  
Nb2O5 nanoporous films are used for developing Schottky and optical based 
sensors that covers two major sections of this PhD research. Schottky based sensors 
using anodized Nb2O5 had not been shown for gas sensing applications at the time that 
this PhD researched commenced. As such, the author of this thesis set an aim for 
developing such Schottky based gas and vapour sensors. Subsequently the PhD 
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candidate focused on developing optical gas sensors based on nanoporous Nb2O5. 
Nb2O5 has been investigated for its good performance as an electrochromic material, 
showing alteration in its optical properties as a result of controlled H+ intercalation [45, 
49, 50]. As a result, the author postulated that  nanoporous Nb2O5 can also be 
potentially incorporated as optical-based gas sensing devices for sensing gas molecules 
that contain hydrogen atoms.  
(c) Beside SnO2 and Nb2O5, WO3 is one of the key materials for gas sensing 
applications, especially for atoms that can intercalate this metal oxide [5, 10]. 
Nanoporous WO3 can enhance gas sensing performance due to the increased surface 
area for reactions [51-53]. There are many reports on conductometric type and optical 
based WO3 gas sensor [54-58]. However, nanoporous WO3 Schottky based gas  sensors 
have received relatively little attention despite the excellent performances ascribe to the 
porosity of the incorporated films. Accordingly, the PhD candidate focuses her 
investigation on investigating nanoporous WO3 Schottky based gas sensor. In this work, 
anodization is used for forming highly ordered nanoporous WO3 with the advantages of 
high surface-to-volume ratio, directional pathways and nanostructures with dimensions 
smaller than Debye lengths. 
 
1.2 Objectives 
1.2.1 Investigation of electrospun granular hollow SnO2 nanofibers hydrogen 
gas sensors operating at low temperatures 
Since late 1950s, many types of metal oxide materials have been investigated for gas 
sensing applications [32, 59, 60]. By adapting nanostructured morphologies many 
advantages can be added to metal oxide semiconductors [4, 61]. This includes high 
surface-to-volume ratio and scales which are comparable to length [62]. Among the 
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nanostructures, 1D material are of particular interest due to their directional 
morphology that augments the carrier transport and that the whole bulk of the materials 
can be readily affected by the gas molecules. Therefore, tremendous effort has been 
focused on investigating the synthesis, characterization and gas sensing performances 
of 1D metal oxides including ZnO, WO3, TiO2, In2O3, MnO2, Fe2O3, CuO and SnO2 
[58, 63-65]. 
 Among these metal oxides, SnO2 has appeared to be the most popular material for 
gas sensing. SnO2 is a stable n-type semiconductor with a wide direct band gap (Eg = 
3.6 eV), high conductivity, tunable morphology and crystallinity, chemical stability as 
well as excellent gas sensitivity.  Subsequently, a number of processing routes have 
been employed to synthesize variety of 1D SnO2 nanostructures in the forms of 
nanobelts, nanotubes, nanorods, nanowires, and nanofibers [23, 66-72].  
Thermal evaporation method has been widely used in order to produce SnO2 
nanobelts [23, 71, 73, 74]. Additionally, SnO2 nanobelts have been synthesized via 
sputtering techniques [75]. SnO2 nanobelts, prepared via these methods, decorated with 
Au catalyst, has widely employed for gas sensing applications [75-77]. Besides 
nanobelts, various morphologies of pristine and doped nanowires have been produced 
by thermal evaporation method [25, 78, 79]. Shen et al. have fabricated intrinsic as well 
as Pt and Pd doped SnO2 nanowires for gas sensing [80, 81]. Koeck et al. have 
fabricated ultra-long single crystalline SnO2 nanowires implementing spray pyrolysis 
method [82]. Moreover, nanotubular SnO2 have been made by templating. SnO2 
nanotubes have been templated using anodic aluminum oxide membranes, [83] 
nanorods of other metal oxides [84], carbon nanotubes and polymeric fibers [85, 86]. 
A large numbers of reports demonstrated electrospinning method for producing 
SnO2 nanofibers [22, 87-90]. Electrospinning has been recognized as an efficient and 
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cost effective synthesis route for SnO2 nanofiber. The electrospinning process is simple, 
flexible and effective in producing superfine fibers with high surface-to-volume ratio. 
Advantageously, electrospinning method can produce nanofibers with diameters as 
small as tens of nanometers and lengths of up to several centimeters with controllable 
morphologies and large-scale production capabilities [40]. Hollow and solid nanofibers 
can be produced depending on the precursor solution and parameters utilized during 
electrospinning. Hollow SnO2 fibers have been obtained using coaxial electrospinning. 
However, they are large in diameters, ranging from 400 nm to 750 nm, depending on 
the core of the coax in the electrospinning tip [89]. In addition, hollow fibers have been 
demonstrated by Choi et al. using polyvinylpyrrolidone and dimethylformamide. 
However, the gas sensors based on these fibers only operated at near 400 °C [91]. In 
order to enhance the performance of gas sensing, few groups had doped (to induce 
catalytic properties with Pd, Al or Pt) or fabricate composite electrospun SnO2 
nanofibers (for enhancing charge separation with ZnO, CuO, CeO2, CO and In2O3) [21, 
41, 92-101]. 
So far, 1D SnO2 based devices have been employed for sensing of various gas 
species such as H2, NO2, C2H5OH, H2S, CO and HCHO [24, 41, 79, 87, 89, 102-106]. 
Amongst these gas species, H2 is one of the most prominent. It is a widely used gas in 
various industrial applications such as automotive industries, refining processes 
petroleum, fuel cells and biological systems [107-112]. However H2 having the 
characteristics of being colorless, odorless, explosive and extremely flammable gas 
with a low explosive limit of 4 % in air is an important gas that should be constantly 
monitored in the aforementioned processes [113]. As such, H2 gas sensing at low 
temperatures is essential. Semiconducting metal oxide based gas sensors usually 
operate in the temperature range of 200500 °C [92, 102, 114-116]. Besides, a low 
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operating temperature also offers other advantages in terms of reducing energy 
consumption and improving the reliability and stability of the gas sensor.  
In this thesis, the PhD candidate presents the outcomes of her investigation on the 
H2 sensing properties of the SnO2 nanofibers operating at low operating temperatures in 
Chapter 2. The SnO2 hollow nanofibers were fabricated by a single nozzle 
electrospinning process using phase separated mixed polymer. The effects of varying 
the concentration of polymer, used in preparing the electrospinning solution, are 
investigated by studying the morphology and stoichiometry of SnO2. Finally, the author 
discussed the correlation between nanofibers morphology, oxygen vacancy contents 
and the gas sensing performances.  
 
1.2.2 Investigation of Nb2O5 Schottky based ethanol vapour sensors: Effect of 
metallic catalysts 
Ethanol vapour sensors are in always in demand due to their significant applications in 
food, biomedical, transportation and chemical industries as well as health and safety 
[117, 118]. Ethanol is also commonly used as a fuel or a fuel additive. It is either 
utilized or appears as a by-product of many chemical processes and is a common 
solvent in many industries. Ethanol is employed in alcoholic beverages and is also a 
famous antiseptic. Obviously, sensing ethanol is of importance for all the 
aforementioned applications [119-121]. 
There are many types of ethanol vapour sensors based on different transducers 
such as conductometric, surface acoustic wave, electrochemical, optical and Schottky 
diode based [64, 122-126]. Amongst these transducers, Schottky diodes with 
nanostructured metal oxide sensing elements offer simplicity of fabrication; reliable 
robustness and high sensitivity towards ethanol vapour [127]. A Schottky diode-based 
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sensor generally consists of a metal-semiconductor contact. The most common choices 
of metals are catalytic type noble metals including gold (Au), platinum (Pt) and 
palladium (Pd) [128-132]. They catalyse the target gas molecules, while regain their 
metallic properties after the interaction. Additionally with their relatively large work 
functions, these metals are likely to form Schottky contacts at their interface with most 
of the metal oxide semiconductors [133]. Metal catalysts are employed in the chemical 
industry for numerous chemical reactions. They operate by interacting with the target 
molecules, lowering the activation barriers and hence increasing the rate of reactions. 
The metal catalysts also enhance the sensitivity and reduce response and recovery time 
of the sensor. Au, Pt and Pd in the Schottky diode based sensors enable catalytic 
decomposition of ethanol, which otherwise would not be possible on the oxide surface. 
After the adsorption of ethanol, the local electronic properties of the metal/metal oxide 
semiconductor changes that results in a change in the Schottky contact behaviour and 
this alteration is used as the sensing parameter [134, 135].  
Metal oxides that have been widely investigated in Schottky diode based ethanol 
sensors include SnO2, TiO2, ZnO, WO3, MoO3 and Ga2O3 [55, 136-143]. Niobium 
oxide (Nb2O5) is an important but yet much less studied metal oxide for Schottky diode 
based ethanol sensing. It is a n-type semiconductor with a ~3.5 eV band gap that have 
shown to offer unique properties for developing highly efficient solar-cells, 
electrochromic devices and sensors [144-149]. Devices based on Nb2O5 have been 
reported for sensing of various gases and chemical components [4, 150-154]. Numerous 
methods have been established for fabricating Nb2O5 based gas sensing devices.  For 
example, Hyodo et al. and Rozina et al. have used Nb2O5 prepared via an anodization 
method [4, 150], while Nb2O5 nanowires were synthesized by Wang et al. through 
thermal oxidation process for hydrogen gas sensing [151]. Nb2O5 thin films doped with 
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TiO2 have also been developed via sputtering method for carbon monoxide gas sensing 
[153]. There are also investigations regarding the effect of the calcination temperature 
on gas sensing properties of Nb2O5 [152]. 
In this PhD work, the Nb2O5 Schottky diode based sensors, integrated with 
different catalytic metals, are developed and investigated. Three noble metals of Pt, Pd, 
and Au with different work functions of 5.7, 5.6 and 5.4 eV respectively, are employed 
[155]. The effects of Pt, Pd and Au on the ethanol sensing performances of the Schottky 
diode based sensors are fully studied and the outcomes of the investigations are 
presented in Chapter 3 of this thesis. 
 
1.2.3 Investigation of Nb2O5 nanoporous anodized Nb2O5: an optically 
responsive system to hydrogen gas molecules 
Metal oxide semiconductors such as WO3, NiO and MoO3 are known for their 
outstanding performance as electro and chemo chromic materials due to their unique 
properties [10, 156-164].  Developments of electrochromic devices and chemo chromic 
optical sensors have been prompted by their ability to reversibly change their 
transmittance, absorption and reflectance according to applied voltages and ambient 
conditions. These materials generally change their colour and transparency as a result 
of the intercalation of ionic species such as Li+ and H+, which alter their electronic band 
structure [165]. 
Amongst the intercalatable metal oxide semiconductors, Nb2O5 is one of the 
emerging but less studied oxides. Nb2O5 has been demonstrated to have excellent 
optical properties, outstanding electrochemical responses, chemical stability, corrosion 
resistance, and colouration changes [45, 166, 167]. Crystalline Nb2O5 has low electrical 
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conductivity of ~10−6 S cm−1, which is at least two orders of magnitude smaller in 
comparison to its electrochromic metal oxide counterparts such as MoO3 and WO3 
[168].  It has been shown that upon intercalation of ionic species, crystalline Nb2O5 
exhibits a colour change from transparent to blue, while amorphous Nb2O5 changes into 
a brownish-grey colour [167]. Intercalation also results in optical modulation. However 
in electrochromic applications, the optical modulation performance of amorphous 
Nb2O5 films rapidly degrades compared to crystalline films  [49, 169, 170].  
Considering the aforementioned characteristics of crystalline Nb2O5, there are 
significant opportunities for developing optical gas sensing elements based on this 
metal oxide. A critical approach in creating effective Nb2O5 based gas sensors is to 
form nano morphologies of this material that allow facile adsorption and dissociation of 
target gas molecules. Nanostructured Nb2O5 materials have been fabricated using 
various methods in order to obtain high specific surface area and controllable 
structures. Liquid phase deposition methods such as hydrothermal and solvothermal 
routes have produced Nb2O5 with various morphologies comprising of nanobelts, 
nanospheres, nanosheets and nanorods [148, 171-175]. In addition, nanoporous, 
nanochannelled, nanoveined and nanocolumns of Nb2O5 have also been synthesised via 
electrochemical methods [4, 176-180]. Amongst these methods, anodization is a 
particularly interesting technique due to its capability of forming highly porous films. 
Such structures provide platforms for efficient gas molecule diffusion, resulting in a 
high optical response and therefore augment a sensors’ performance.  
In  previous work, an enhanced coloration efficiency of 47.0 cm2 C1 for 
crystalline nanoporous anodic Nb2O5, which is to date the highest ever reported for any 
electrochromic Nb2O5 based system has been demonstrated [45]. In this PhD work, the 
PhD candidate demonstrated the possibility of intercalating a large amount of Li+ ions 
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into nanoporous anodic Nb2O5, with high surface-to-volume ratios, at very low applied 
voltages. Based on the excellent electrochromic performance of these Nb2O5 structures, 
it is proposed that crystalline nanoporous anodic Nb2O5 can also be a suitable candidate 
for optical gas sensing. The breakdown of the hydrogen molecule onto the surface of 
nanoporous anodic Nb2O5, with or without the assistance of a catalyst, can be used for 
producing H+ ions that intercalate the crystal. These H+ ions can subsequently change 
the electronic band structure of nanoporous anodic Nb2O5 generating a different optical 
response. It is known that in metal oxides with a propensity for intercalation, Li+ and 
H+ ions generally reduce the bandgap and eventually produce semi-metallic compounds 
for strongly intercalated systems [181-185]. Consequently, it is proposed that hydrogen 
containing gas molecules are also able to reduce the energy bandgap of Nb2O5 to 
produce measureable optical modulations. However, the optical gas sensing properties 
of Nb2O5 have not been studied. Hydrogen gas (H2) is an excellent model to investigate 
this hypothesis. The applications of H2 gas span from industrial surveillance and 
processes to fuel cells, petroleum refining, airspace and biomedical systems [108, 110-
113]. H2 gas is a colorless, odorless, explosive and extremely flammable gas. 
Therefore, H2 leakage monitoring is paramount for its safe production, storage, 
handling and use.  
In this PhD work, the PhD candidates investigate the optical sensing performance 
of a nanoporous anodic Nb2O5 film in the presence of H2. Nanoporous Nb2O5 films are 
prepared by anodization of Nb metal films, which are deposited using RF sputtering 
onto fluorine-doped tin oxide (FTO) glass substrates. Anodization of Nb using an 
electrolyte containing glycerol and dipotassium phosphate (K2HPO4)  at elevated 
temperature has been demonstrated by Melody et al. to produce nanoporous Nb2O5 
films [186]. This electrolyte composition has been identified as having low resistivity 
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and thermal stability that contributes to the formation of porous films [187]. It has been 
proved that anodization at high temperatures with the electrolyte of 
glycerol/dipotassium phosphate, accelerates the process and results in much more 
robust and highly ordered nanoporous films [187-190]. In this PhD work, the same 
electrolyte is used for the formation of the nanoporous anodic Nb2O5 films. 
Experiments are conducted in order to assess the crystalline and morphological 
properties of Nb2O5 films and to reveal the subsequent optical changes, which occur 
upon hydrogen gas molecule interactions with these films.  
  
1.2.4 Investigations of anodized nanoporous WO3 Schottky contact structure 
for hydrogen and ethanol sensing 
Tungsten trioxide (WO3) is a n-type semiconductor with a band gap reported in 
the range of 2.6 to 3.3 eV, which has a wide range of applications due to its 
excellent electrical and optical properties [10, 191-193]. Various WO3 
morphologies have been synthesized using different physical and chemical 
routes. Chemical routes including hydrothermal, solvothermal, anodization and 
thermal oxidation methods have been shown to result in various morphologies 
including nanowires, nanorods, nanosheets, nanoparticles, and nanoplatlets as 
well as nanoporous films [56, 156, 194-199]. The aforementioned structures have 
been studied for diverse applications such as electrochromic smart windows, 
batteries, catalysts, electronic devices and solar cells [56, 156, 194, 195, 199-
203]. 
WO3 is also one of the most interesting and most researched metal oxides 
for sensing gases such  as hydrogen (H2), hydrogen sulfide (H2S), hydrocarbons, 
ethanol (C2H5OH), ammonia (NH3), nitrogen oxide (NO2, NO and N2O) and 
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carbon oxide (CO) [33, 54, 55, 200, 201, 204]. Many of these investigations are 
focused on conductometric based gas sensors, and the application of WO3 
nanostructures in contact based systems, including Schottky diode based sensors, 
have received rather limited attention [205, 206]. The interaction of WO3 with 
hydrogen atom containing molecules is generally the most efficient when it is of 
an intercalating nature. In this case, the intercalated H+ ions are embedded into 
the crystal structure of WO3 and the released electrons are transferred to the 
lowest-lying unoccupied energy levels of WO3. Such an interaction changes the 
band structure of the WO3 system and increases its conductivity, both of which 
can be well used for sensing applications of the hydrogen atom containing 
molecules [207]. 
The electron affinity of WO3 is in the order of 3.2 to 4.0 eV [208]. As a 
result, a Schottky diode-based sensor can be developed by depositing a large 
work function noble metal such as platinum (Pt) (work function of 5.7 eV), gold 
(Au) (work function of 5.4 eV) and palladium (Pd) (work function of 5.6 eV) as 
the adjoining electrode [155]. In addition, these noble metals can act as excellent 
catalysts for enhancing the gas reactions and augmenting the overall performance 
of the sensor [130, 209]. The operating principles of the Schottky based sensors 
are primarily associated with the observation of the shifts in IV curve caused by 
dissociation of the gas analyte on the catalytic metal surface which alters the 
Schottky barrier height at the metal-metal oxide interface [210-212]. This causes 
an effective change in the semiconductor work function, resulting in a voltage 
change across it. This consequently changes the current through the junction as 
well. 
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The gas sensing characteristics of the Schottky diode based are greatly 
influenced by the morphology and porosity of the structures at the contacts 
interface, the contact metal and the semiconducting materials [213]. The 
reduction of the components’ morphologies to nano dimensions can also alter the 
behaviour of the systems [19]. Obviously, the alteration of surface energy, an 
increase in the surface-to-volume ratio, adjustments with relation to Debye 
length and stoichiometry of the semiconducting material are all important factors 
that affect the characteristics of the Schottky based sensors [7, 136, 137, 214, 
215]. Additionally, the porosity of the semiconductor components enhances gas 
diffusion through the film and increases gas interaction and eventually adsorption 
of the gas molecules which can improve the sensor’s performance [216, 217]. 
There are many reports regarding the development of nanoporous structures 
and thin films of metal oxides for improving the performance of gas sensors [4, 
218-221]. One of the most extensively investigated methods to fabricate highly 
porous metal oxides is anodization. Anodization generally occurs by applying a 
voltage across two electrodes that include one made of the base metal forming 
the porous metal oxide and the other a reference electrode in a suitable 
electrolyte. Anodization can potentially offer a simple and efficient process to 
obtain films with large surface area, tunable pores sizes and highly ordered 
morphologies [222-225].  
To the best of author’s knowledge, there is no report in the literature 
regarding the synthesis of WO3 Schottky-based gas sensors via an anodization 
approach. Therefore, in this PhD thesis, the PhD candidate demonstrates the 
performance of a WO3 Schottky-based gas sensor prepared by anodization of W 
foil. The synthesis is performed in a mixed ethylene glycol-water solvent 
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containing a small amount of NH4F at room temperature. The author studies and 
compares the performances of Schottky diode-based gas sensor towards 
hydrogen gas and ethanol vapour. The sensor performances such as voltage shift, 
response and recovery time are investigated and discussed in detail in Chapter 5. 
 
1.3 Thesis organization 
This thesis presents detailed outcomes for the investigation and development of gas 
sensors based on SnO2 nanofibers as well as nanoporous Nb2O5 and WO3. The aim is to 
fabricate sensors with enhanced performances such as large and rapid response, high 
selectivity and reproducibility as well as low operating temperatures. The proposed 
topics are investigated and presented in this PhD thesis as follows:  
 
 Chapter 1 is an overview of the PhD candidate’s motivation for being involved in 
the proposed research as well as the objectives and the organization of the thesis.  
 Chapter 2 presents the investigations regarding the development of hydrogen gas 
sensor based on SnO2 nanofibers. The nanofibers synthesized via an 
electrospinning method and the full characterization of this material is presented. 
The author presents the effect of structural and morphological changes of SnO2 on 
hydrogen gas sensing. 
 Chapter 3 outlines the fabrication process of nanoporous Nb2O5 films and the 
investigation of these films as the base for Schottky based gas sensors. The author 
presents the effect of Pt, Pd and Au catalysts on the sensors’ performances in the 
presence of ethanol vapour. Furthermore, the selectivity of gas sensors towards 
methane and hydrogen gas is also presented in this chapter. 
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 Chapter 4 presents the synthesis and structural characterization details of 
nanoporous Nb2O5 films grown on FTO glass substrate. The gas sensing 
performances are investigated in the presence of hydrogen gas which is also 
presented in this chapter.  
 Chapter 5 presents the investigations of the Schottky contact gas sensors based on 
WO3 nanoporous films synthesized via an anodization method at room 
temperature. Their sensing performances in the presence of hydrogen gas and 
ethanol vapour are presented and fully discussed in this chapter.  
 Chapter 6 presents the conclusions for the thesis, the recommendations for future 
work and the PhD candidate’s achievements during this PhD project. 
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Chapter 2  
Electrospun Granular Hollow SnO2 Nanofibers 
Hydrogen Gas Sensors Operating at Low 
Temperatures 
 
2.1 Introduction  
In chapter 1, it was highlighted that the specific aim of Chapter 2 was to present the 
work of PhD candidate on incorporating electrospin coated SnO2 nanofibers for 
hydrogen gas sensing. This work is focused on altering the stoichiometry and 
morphology of the nanofibers in order to meet the objectives of reduced operating 
temperature and high sensitivity to hydrogen (H2) gas.  
In this chapter, the outcomes investigations regarding H2 gas sensors based on 
hollow and filled - well aligned electrospun SnO2 nanofibers are presented. SnO2 
nanofibers with diameters ranging from 80 to 400 nm are successfully synthesized in 
which the diameter of the nanofibers can be controlled by adjusting the concentration of 
polyacrylonitrile in the solution for electrospinning. The presence of the polymer 
results in the formation of granular walls for the nanofibers which are presented in 
detail in this chapter. The author presents the correlation between nanofibers 
morphology, structure, oxygen vacancy contents and the gas sensing performances. 
From the X-ray photoelectron spectroscopy analysis presented in this chapter, it is 
revealed that the granular hollow SnO2 nanofibers, which show the highest responses, 
contain a significant number of oxygen vacancies, which are favorable for gas sensor 
operating at low temperatures.  
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The work presented in this chapter was published as a full article in the Journal of 
Physical Chemistry C [1]. 
2.2 Experimental 
2.2.1 Synthesis of SnO2 nanofibers 
SnO2 nanofibers were electrospun from solutions containing stannous 
chloride   (SnCl2.2H2O), polyvinyl pyrrolidone (PVP, molecular weight (Mw) 
=1,300,000), polyacrylonitrile (PAN, Mw=150,000) and dimethylformamide (DMF). 
Two precursor solutions were prepared as follows:  
Solution A: A 0.02 M of stannous chloride was dissolved in 20 mL DMF mixed 
and stirred for 6 h. Subsequently, 6 g of PVP was dissolved in the solution and 
continuously stirred for 12 h using vigorous magnetic stirring. 
Solution B: Here, 1 g of PAN was dissolved in 10 mL of DMF and kept at 80 C 
for 12 h and cooled down to the room temperature for 12 h. 
Consequently, 4 mL of solution A was mixed with 1, 2 and 3 mL of solution B 
which are denoted as PAN 1, PAN 2 and PAN 3, respectively. All these solutions were 
then magnetically stirred for 3 h at speed of 1000 rpm for PAN 1 and PAN 2, and 1500 
rpm for PAN 3, and separately electrospun on quartz substrates attached on rotating 
electrode under an applied voltage of 20 kV, by using a syringe that was kept at a 
distance of 15 cm from the quartz substrate. The electrospun were conducted for 40 min 
for each sample. The apparatus utilized for electrospinning is depicted in Figure 2.1(a). 
The flow rate of the solutions was kept at 0.4 mL/h during the electrospinning process. 
The as-electrospun samples were annealed for 4 h at 500 °C in air at a heating ramping 
up of 5 °C/min. During heat treatment, PAN and PVP were decomposed and the 
SnCl2.2H2O precursor was transformed into SnO2 nanofibers. 
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Figure 2.1: Schematic illustration of (a) electrospinning apparatus, (b) three-
dimensional configuration of the gas sensor, and (c) gas sensing measurement system. 
 
2.2.2 SnO2 gas sensor fabrication 
For forming the electrodes, Pt layer with the thickness of ~20 nm was deposited on top 
of the SnO2 nanofibers using a GATAN PECS
TM (Precision Etching Coating System) 
thin film coater. The distance between Pt electrodes was 0.5 mm and the width of each 
electrode side was 0.15 mm. The three-dimensional gas sensor configuration is shown 
in Figure 1(b). 
2.2.3 Structural characterization 
The surface morphology and structural properties of SnO2 nanofibers were 
characterized using scanning electron microscopy (SEM - Zeiss Supra 55VP FEG 
SEM). Transmission electron microscopy (TEM) images were obtained using a JEOL 
TEM 2100 and the atomic force microscopy (AFM) images were acquired using Digital 
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Instruments D3100 Atomic Force Microscope. The crystallographic properties were 
studied via X-ray diffraction (XRD) using a Bruker D8 Discover microdiffractometer 
fitted with a general area detector diffraction system (GADDS) that accommodated Cu-
K radiation ( = 1.54178 Å).  To determine the surface properties of the SnO2 
nanofibers, X-ray photoelectron spectroscopy (XPS) was performed using a Thermo 
Scientific K-α instrument using Al K-α X-ray source (1486.7 eV) with pass energy of 
50 eV. Raman characterizations were performed using a HORIBA-XploRA confocal 
Raman microscope, incorporating a 532 nm 40 mW laser as the excitation source.  
2.2.4 Gas sensing measurements 
The performance of the gas sensors was assessed in a LINKAM (Scientific 
Instruments) gas testing chamber. Detail of the measurement set-up can be seen in the 
schematic diagram as presented in Figure 2.1(c). Electrical connections to the gas 
sensors were achieved by physically connecting needle probes to the Pt electrodes of 
the sensors. A Keithley 2001 multimeter was used for measuring the changes of sensor 
resistance over time and a computer was used for logging data from the multimeter. 
Initially, the responses of the sensors were measured in the presence of 1% H2 gas in 
the ambient air where the temperatures were altered in the range of 100  200 °C in 
order to determine their optimum operating temperature. Finally, full range tests for 
each sensor were performed at the determined optimum operating temperature. Each 
sensor was exposed to H2 gas pulse sequences of 0.06%, 0.12%, 0.25%, 0.50% and 1% 
H2 in the ambient air. The H2 gas concentration was accurately controlled using a 
computerized mass flow control (MFC) multi-channel gas calibration system. Gas 
exposure time was 10 min for each pulse of H2 gas and the chamber was purged with 
synthetic air for 10 min between pulses to allow the sensors to recover in atmospheric 
conditions. For all the experiments, the total flow was fixed to be 200 sccm.  
48 
 
2.3 Results and discussion 
2.3.1 SnO2 nanofibers characterizations 
The lower magnification SEM image of electrospun SnO2 nanofibers in Figure 2.2 
shows a well aligned texture, which has been demonstrated to be favorable in gas 
sensing performance due to the enhanced surface-to-volume ratio [2]. Figure 2.3 shows 
typical SEM images of SnO2 nanofibers with diameters of the nanofibers ranging from 
80 to 400 nm. It has been shown that the morphology and diameter of nanofibers 
depend on the added polymer concentration in the electrospinning solution [3-5]. In this 
work, electrospinning PAN 1 and PAN 2 solutions resulted in the formations of hollow 
tubular nanofibers with average diameters of ~80 and 250 nm, respectively, as shown in 
Figure 2.3(a, b, d, e).  On the other hand, nanofibers electrospun using solution PAN 3 
resulted in nanofibers consisting of multiple small hollow channels and a diameter of 
~400 nm as presented in Figure 2.3(c, f). As also demonstrated by Choi et al., these 
granular walls are formed after the annealing process [6]. However, they obtained 
larger grains in the order of 50 nm. It can be seen from that in this work all electrospun 
nanofibers are also corrugated, containing smaller grains.  
 
Figure 2.2: Low magnification SEM image of the well-aligned SnO2 nanofibers (PAN 
1). The other samples are not shown for brevity 
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Figure 2.3: SEM images of the SnO2 nanofibers electrospun using solution of (a) PAN 
1, (b) PAN 2 and (c) PAN 3 and (d−f) magnified image of parts a−c, respectively (scale 
bar = 200 nm). 
 
Further morphology characterization was conducted using TEM as presented in 
Figure 2.4. The TEM images of hollow (PAN 1) and solid (PAN 3) SnO2 nanofibers 
show that both samples have a corrugated surface composed of many aggregated 
grains. As can be seen the fibers are hollow and made of walls, which are formed from 
connected nanoparticles in nanofiber that has been established using the PAN 1 
solution. In the case of PAN 3, the fiber is larger and filled. 
 
 
 
Figure 2.4: TEM images of the SnO2 nanofibers electrospun using solution of (a, b) 
PAN 1 (hollow structure) and (c) PAN 3 (solid structure) with the scale bar of 50 nm. 
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It is obvious that the concentration of PAN has significantly affect the average 
diameter of the electrospun nanofibers. He et al. [4] have established an allometrical 
relationship between the diameter (d) of the electrospun nanofibers and the solution 
concentration (C) in form of: 
d  C (2.1) 
where   is the scaling exponent which depends on the polymer type. It is suggested that 
the diameter of electrospun nanofibers increase approximately linearly with the solution 
concentration. It is also observed that, when solution of PAN 3 (3 mL) was used, filled 
nanofibers were obtained, while for PAN 1 and PAN 2 solutions, the obtained 
nanofibers were hollow. It is known that the solution concentration and viscosity are 
two closely correlated factors in electrospinning. Increase of the solution concentration 
will increase the solution viscosity [7]. The viscosity and the surface tension of the 
solution increase the diameter and the amount of mass per cross-section during the fiber 
formation in the electrospinning process. It is suggested that increase of solution 
viscosity from PAN 1 to PAN 2 and PAN 3, result in the formation of thicker 
nanofibers.  
Various methods have been investigated in order to obtain hollow and filled 
nanofibers. For example, Wang et al. attained solid and hollow SnO2 nanofiber by 
altering the annealing temperature of the electrospun samples [8]. The uses of 
sacrificial precursor materials such as PVP, PAN and PMMA have shown to result in 
hollow nanofiber [9-12]. For the work in this chapter, the author used phase separated, 
mixed polymer composite solution of PAN and PVP. PAN 1 and PAN 2 were 
magnetically stirred at speed of 1000 rpm, while the stirring speed of PAN 3 was 
1500 rpm.   
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Due to the immiscibility and incompatibility between PVP and PAN as well as 
the elongations during the electrospinning, phase separation occurs. It is suggested that 
the PAN domains form the core of the nanofiber, whereas the PVP/SnCl2 forms the 
shell of the nanofibers [13]. During calcination, PAN and PVP decompose leaving 
hollow nanofibers while the SnCl2 is oxidized and converted to SnO2.  
The transformation from hollow nanofibers in samples that were formed using 
PAN 1 and PAN 2 solutions to filled nanofibers using PAN 3 solution can be due to the 
increase in the stirring speed. At the stirring speed of 1000 rpm, larger PAN droplets 
are established that can rejoin forming elongated PAN morphologies at the centre of the 
mixed solution, while injected out of the syringe (schematically illustrated in Figure 2.5 
(a)). As a result, the SnCl2 which is mainly in PVP are generally pushed to the side 
forming hollow nanofibers after the calcination. However, by increasing the stirring 
speed from 1000 to 1500 rpm, the drop sizes of PAN within the mixed solution 
becomes smaller. In this case, the PAN and SnCl2 are more randomly dispersed in the 
PVP solution, and together with PVP, are injected out of the syringe in a much more 
mixed state (schematically illustrated in Figure 2.5(b)). As such, after the calcination 
filled SnO2 nanofibers are obtained. 
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Figure 2.5: The illustrative diagram for the formation mechanism of SnO2 nanofibers 
electrospun using solution of (a) PAN 1 and PAN 2 (hollow structure) and (b) PAN 3 
(solid structure). 
 
Figure 2.6 shows the XRD patterns of the SnO2 nanofibers. The diffraction 
patterns of samples obtained using PAN 1, PAN 2 and PAN 3 solutions were similar, 
and peaks of the these samples can be perfectly indexed as the tetragonal rutile 
structure (JCPDS 41-1445), which are consistent with previous reports [14]. XPS 
analysis was conducted to identify the surface chemical states and the elemental 
distribution within the SnO2 nanofibers.  
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Figure 2.6: XRD patterns of SnO2 nanofibers electrospun using the solution of (i) PAN 
1, (ii) PAN 2, and (iii) PAN 3. 
 
Figure 2.7(a) depicts the XPS full survey spectrum of the samples that were 
electrospun using PAN 1, PAN 2 and PAN 3 solutions. All clearly indicate the 
photoelectron peaks of Sn and O. Peaks for Sn3d5/2 and Sn3d3/2 with a spin-orbit 
splitting of 8.4 eV is seen in Figure 2.7(b) [15]. This is in agreement with previously 
reported tin oxide nanostructured films presenting the existence of Sn4+ bound to 
oxygen in the SnO2 [16, 17]. The peak of Sn3d5/2 shows only one symmetric component 
without a shoulder, indicating the absence of Sn2+. From Figure 2.7(b) it is observed 
that as the concentration of PAN in the solutions increased, both Sn3d peaks have 
~0.4 eV shifts to smaller binding energies, suggesting that the oxygen deficiencies are 
introduced in the SnO2 nanofibers.   
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Figure 2.7: XPS spectra of SnO2 nanofibers (a) survey spectra, (b) Sn3d, and (c) O1s 
corresponding to sample electrospun using (i) PAN 1 (ii) PAN 2, and (iii) PAN 3. 
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The broad O1s peaks are resolved by a Lorentzian distribution fitting as shown in 
Figure 2.7(c), in which two deconvoluted peaks at binding energy of 530.9  0.2 and 
532.9  0.2 eV can be identified. The peak at 530.9  0.2 eV is the O1s(1) peak, which 
is attributed to the coordination of O2− oxygen bounded to tin atoms and denoted as low 
binding energy component (LBEC) [16, 18]. The other peak at 532.9  0.2 eV (O1s(2) 
peak) is denoted as the high binding energy component (HBEC) corresponding to either 
absorbed surface H2O, or presence of oxygen vacancies and hydroxyl (OH) groups on 
the surface of the SnO2. It has been reported that defect electronic states appearing due 
to SnO2 annealing at temperatures less than or above 520 °C to result in oxygen 
vacancies [19]. Yang et al. also reported that the H2O decreased as the annealed 
temperature increased [20]. In addition, Seo et al. reported that the hydroxyl content 
also decreased as the annealed temperature increased [21]. Considering that the samples 
have been annealed at high temperature for a very long period, the relatively large 
contribution of HBEC peak (O1s(2)), strongly suggests the presence of oxygen 
deficiencies in the samples and not absorbed H2O or hydroxyl group. The relatively 
large contribution of HBEC peak (O1s(2)), strongly suggests the presence of oxygen 
deficiencies in the samples. It is also observed that the O1s(2) peak develops with the 
increasing of PAN concentration, where the O1s(2) peak is more pronounced in the 
samples prepared using PAN 1. Therefore, it is noticed that SnO2 prepared by PAN 1 
has the maximum concentration of oxygen deficiencies. The presence of high oxygen 
vacancies in the nanofibers is highly beneficial for gas sensing as these oxygen 
vacancies play an important role as adsorption sites for gaseous species and can greatly 
enhanced gas sensing performance [22].  
For further determination of phase composition of the films, Raman spectra were 
also obtained, which are presented in Figure 2.8. The SnO2 peaks are located at 313, 
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580, 632 and 774 cm−1. The spectra obtained indicate that the film is composed of 
SnO2, which is consistent with previous reports [23] and well in agreement with those 
obtained from XRD and XPS analysis. 
 
Figure 2.8: Raman spectra of SnO2 nanofibes electrospun using the solution of (i) 
PAN 1, (ii) PAN 2, (iii) PAN 3, and (iv) substrate (glass) as a reference. 
 
2.3.2 Gas sensing performances 
The operating temperature of the sensors plays a vital role in their sensing properties.  
In order to promote redox reactions of metal oxide sensors, elevated operating 
temperatures are required to achieve the optimum functionalities [24]. The 
measurements were initially conducted by obtaining the sensors’ responses in the 
presence of 1% H2 gas in synthetic air, where the temperatures were altered in the range 
of 100200 °C. The optimum operating temperature was determined by comparing the 
responses. The sensor response (SR) is defined as; 









gas
air
R
R
SR  (2.2) 
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where Rair and Rgas are the sensor resistances in air and in the target gas, respectively 
[25].  
Figure 2.9(a-c) present the responses towards 1 % of H2 for the SnO2 nanofiber 
sensors electrospun using PAN 1, PAN 2 and PAN 3 solutions, respectively, at 
different temperatures.  From the response curves, it can be seen that the largest 
response appears at 150 °C, which is the optimum operating temperature of the sensors. 
By further increasing the temperature to 180 and 200 °C the responses gradually 
decreased.  
 
Figure 2.9: Responses to 1% H2 of the SnO2 sensor electrospun using (a) PAN 1, (b) 
PAN 2, and (c) PAN 3, measured in 1.0% H2 gas at temperatures ranging from 100 to 
200 °C and (d) plot of sensor responses as a function of operating temperatures of (i) 
PAN 1, (ii) PAN 2, and (iii) PAN 3. 
 
The response of the gas sensor is based on changes of the electrical resistance 
induced by adsorption/desorption of the target gas molecules on its surface. In the air 
ambient, oxygen molecules are first adsorbed onto SnO2 surface to form single or 
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double oxygen ions, depending on the temperature, extracting electrons from the 
conduction band, as [26]: 
(ads)O(g) O 22    (2.3) 
(ads) O(ads) O 22
 _e   (2.4) 
(ads)2O(ads) O2
  _e   (2.5) 
(ads) O(ads)O 2
  _e   (2.6) 
 
It has been reported that below  150 °C, oxygen adsorption at the surface is 
mainly in form of  

2O , while above 150 °C chemisorbed oxygen transforms into both 

2O  and 
O  simultaneously [27, 28]. The accumulated oxygen species which are 
ionosorbed on the surface result in a decrease in the electron concentration and increase 
the potential barrier.  Consequently, the resistance of the sensor increases. At elevated 
temperatures, upon an exposure to the H2 gas, H2 molecules react with the oxygen ions 
according to the following reaction producing water molecules [29]: 
_e  (gas) OHO(gas) H 222 

     (2.7) 
The electrons are released back to conduction band which results in an increase of 
the electron concentrations in SnO2 nanofibers and decreases the depletion width. 
Thereby, resistance of the sensors decreases. The reactions are reversible at elevated 
temperatures, wherein after exposure to air again, the baseline recovers quickly to the 
original value because of the re-adsorption of oxygen. At relatively low temperatures, a 
small number of O2 molecules produce adsorbed 

2O  [30]. Consequently, the responses 
of the sensors are small. At elevated temperatures, the dominant process becomes the 
adsorption of 

2O , while a larger number of the surface sites have enough energy to 
participate in the interactions [27]. This results in an increase of the response. However, 
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if the temperature increases further, progressively more desorption of the adsorbed 
oxygen ionic species previously occurs and the response decreases [30]. Thus, the 
optimal temperature for a gas sensor is at which the aforementioned two factors are in 
balance. This behavior is in agreement with previously reported results [31]. 
Figure 2.10(a) presents the dynamic response of the SnO2 nanofiber gas sensors. 
It can be observed that, when the sensors were exposed to certain concentration of H2, 
the response rapidly increased and reach its equilibrium resistance value. After the 
exposure to air, all responses decreased to the baseline, indicating a good repeatability 
and reproducibility of all sensors. As shown in Figure 2.10(b), the response-
concentration dependence of SnO2 nanofiber gas sensors at optimum operating 
temperature were investigated in the range of of 0.06 to 1% of H2. The response of all 
sensors increased gradually by increasing the H2 concentration, suggesting that the 
enhancement of the sensor response at higher H2 concentrations.  
Beside sensor response, the response and recovery times are also important 
factors in evaluating the gas sensing performances. In this work, response time is 
defined as the time required for the sensor to reach 90% of the stabilized value of its 
resistance in the presence of the test gas, while the recovery time, defined as the time 
needed for the sensor to reach 10% of the initial steady state value of its resistance after 
the gas was removed.  
Based on the dynamic performance characterization results, the response and 
recovery time of the sensors were determined and compared. For SnO2 nanofibers 
sensors electrospun using PAN 1, the response times were determined to be  70, 62, 54, 
38 and 21 s for the concentration of 0.06, 0.12, 0.25, 0.5 and 1.0 % of H2, while the 
recovery times were 401, 389, 365, 355 and 333 s, respectively. Meanwhile, with the 
same set of H2 gas concentrations, SnO2 nanofiber sensors electrospun using PAN 2, 
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the response times were 74, 81, 82, 42 and 24 s, and recovery times were 424, 353, 326, 
384 and 396 s, respectively. The response times of SnO2 nanofiber sensors electrospun 
using PAN 3 were obtained to be 91, 103, 66, 46 and 27 s, and the recovery times to be 
378, 356, 355, 319 and 459 s, respectively, with the aforementioned concentrations. 
 
Figure 2.10: (a) Responses and recovery of the SnO2 nanofiber sensors measured in H2 
gas in the range of 0.16 to 1% at 150 °C and (b) linear plot of sensor responses as a 
function of H2 concentration for SnO2 nanofiber sensors electrospun using (i) PAN 1, 
(ii) PAN 2, and (iii) PAN 3. 
 
Detailed comparison of sensors response and recovery time is presented in Table 
1. Overall, all sensors showed a fairly similar trend in terms of response and recovery 
times, where the response times are much shorter than the recovery times 
(approximately five times shorter). The prolonged recovery times might be ascribed to 
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the low operating temperature of the SnO2 nanofiber sensors, which can directly 
suppress the H2 desorption. 
Table 2.1 
Response times and recovery times measured at different concentrations of 
SnO2 nanofiber sensors electrospun using PAN 1, PAN 2 and PAN 3. 
 
 
 
 
 
 
 
The alignments of nanofibers also have great effects on the gas sensing properties 
[32]. As compared to randomly oriented nanofibers, aligned nanofibers can avoid 
entanglement of neighboring fibers, thus reducing the local barrier and further enhance 
the sensor responses [30]. Furthermore, the alignment of the fibers may provide a 
distinctive one-dimensional (1D) character of electronic transport along the aligned 
fibers, which is beneficial for enhancing the sensor’s response [32].  
It can be clearly seen from the results that the response characteristics are 
correlated with the fiber diameter, morphology and the concentration of oxygen 
vacancies. Sensor electrospun using PAN 1 resulted in nanofiber with the smallest 
diameter and hollow tubular structure, exhibit fast response time as compared to other 
sensors. It is also observed that the SnO2 hollow nanofibers (PAN 1 and PAN 2) 
significantly improve the gas-sensing response to H2 as compared to multi-channel 
containing almost solid SnO2 fibers (PAN 3). This improvement can be ascribed to the 
enhanced effective surface area of hollow structure because both the inner and outer 
surfaces of the hollow nanofibers participate in the gas sensing reaction [34]. Therefore, 
H2 
concentration (%) 
Response time (s) Response time (s) 
PAN 1 PAN 2 PAN 3 PAN 1 PAN 2 PAN 3 
0.06 70 74 91 401 424 378 
0.12 62 81 103 389 353 356 
0.25 54 82 66 365 326 355 
0.5 38 42 46 355 384 319 
1 21 24 27 333 396 459 
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the SnO2 hollow nanofibers can react with higher amounts of gas molecules than solid 
SnO2 nanofibers, which result in higher response and shorter response and recovery 
times. Additionally, the sensor electrospun using PAN 1 contains higher number of 
oxygen vacancies. All these factors have contributed significantly toward enhancement 
of sensing performance of all sensors to H2 at lower operating temperatures where the 
best performance was observed in sensor electrospun using PAN 1. 
Oxygen vacancy is consider as one of the most important factors in defining the 
electronic and chemical properties as well as the adsorption behaviors of metal oxide 
surfaces [35, 36]. Zhang et al. have discussed that abundant electron donor defects, 
such as oxygen vacancies, enhance metal oxide based sensors’ responses and reduce the 
operating temperature of such sensors [37]. In the presence of ambient air, the 
abundance of oxygen vacancies in metal oxide sensing elements augments the 
adsorption of oxygen gas molecules at relatively low temperatures [38]. In addition to 
oxygen vacancies, the size and morphology of 1D nanostructured-metal oxides also 
greatly influence their sensing properties [39]. 1D nanostructures with a high surface-
to-volume ratio provide more available surface sites for the target molecule absorption 
and desorption [40]. Another reason for the effectiveness of the 1D structures as 
sensing elements is that when the cross sectional dimensional of these materials are 
comparable with the Debye length, the whole bulk of the material can be influenced by 
the adsorbed molecules. 
In order to assess the quality of the developed 1D SnO2 nanofiber based sensors, 
their performance are compared with similar hollow SnO2 based nanostructures, which 
are reported by other researchers. As presented in the introduction, hollow fibers have 
been demonstrated by Choi et al. for ethanol sensing, which operated at temperatures 
near 400 C. Reduced operating  temperature to under 200 °C has been reported by 
63 
 
producing hollow nanofibers of binary oxides with metal oxides such as ZnO [10]. 
Such reports claim that the reduction of the operating temperature would be due to the 
formation of heterojunctions made of SnO2 and the other oxide phases, helping the 
separation of charges. However, both the SEMs presented in such reports as well as the 
characterization of the materials evidence the existence of the small sized and reduced 
grains, forming the walls of the nanofibers. These observations are in agreement with 
the characterizations presented in this chapter that suggest the effect of reduced SnO2 of 
small sized grains.  
The duration of the electrospinning process is the same for all devices. From the 
SEM and atomic force microscopy (AFM) images it was also found out that the 
average number of fibers that are placed on the unit length of the width of the device’s 
surface are the same. According to the observations, there are on average 35 nanofibers 
cross each 100 m width of the active area of the device (see Figure 2.2 for the SEM 
image and Figure 2.11 for the AFM images).  So just by comparing the average 
diameter of the fibers or whether the fiber is hollow or filled the relative surface area 
can be compared. The cross sectional circumference can be calculated using 4r in 
which r is the inner or outer radius of the fiber. The exposed cross sectional areas of the 
fibers are 2.89, 5.7812 and 5.024 m for samples obtained using PAN 1, PAN 2, and 
PAN 3 solutions, respectively. The sample that used the PAN 1 solution provided the 
best sensitivity, despite the fact it does not offer the largest surface areas in comparison 
to other samples. In the PAN 1 case, the enhanced sensitivity can be associated to its 
wall thickness which is more comparable to the Debye length [41]. It means that the 
whole thickness of the sample can be efficiently depleted after the exposure to H2 gas 
molecules. 
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Figure 2.11: AFM images of SnO2 nanofibers showing an average of 2 fibers crossing 
the 5 m width of the active area of the device, electrospun using solutions of (a) PAN 
1 (b) PAN 2 and (c) PAN 3 with the scale bar of 1 m. 
 
The hollow SnO2 nanofibers showed the optimum operation temperature of 
150 C. The hollow SnO2 nanofibers with the diameter of 80 – 100 nm (PAN 1), that 
incorporated corrugated walls of the thicknesses of less than 20 nm (made of same size 
grains of the same dimension), demonstrated the best responses. As a result, it is 
suggested that the low operating temperature of the sensors presented in this work is 
attributed to the small dimensions, small wall thickness and corrugated surface of SnO2 
hollow structure, which enhance the surface area and at the same time, the affinity to 
H2. Furthermore, large oxygen vacancies available as adsorption sites of the well-
aligned nanofibers, contributed to the augmented sensing performance of the devices. 
2.4 Summary 
In this chapter, the PhD candidate presented her investigation on the development 
of H2 gas sensors based on hollow and filled well-aligned SnO2 nanofibers with 
corrugated surfaces prepared via electrospinning method with diameters of 80 – 
400 nm.  The enhancement in the gas sensing properties is attributed to the oxygen 
vacancies and hollow morphology of SnO2 nanofibers as well as its corrugated 
surfaces. The hollow corrugated surface and well-aligned SnO2 nanofibers provide 
large accessible surface area for surface reactions. Additionally, this kind of 
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morphology promotes the oxygen vacancies as shown by the XPS analysis.  Significant 
oxygen vacancies greatly influence the sensing performance at lower operating 
temperature that result in excellent H2 gas sensing performance.  
In the next chapter, the author will investigate Schottky gas sensors based on 
Nb2O5 nanoporous structures.  The focus of the work will be on the studying the effect 
of different metal catalysts on gas sensors’ performances. 
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Chapter 3  
Nb2O5 Schottky Based Ethanol Vapour Sensors: 
Effect of Metallic Catalysts 
 
3.1 Introduction 
In this Chapter, the PhD candidate presents her work on the development of the 
Schottky gas sensor based on anodized Nb2O5 for ethanol sensing.  
The aim of work presented in this chapter is to compare the performance of the 
highly porous Nb2O5 Schottky based sensors formed using different catalytic metals for 
ethanol vapour sensing. The fabricated sensors consist of a fairly ordered nano-vein like 
porous Nb2O5 prepared via an elevated temperature anodization method. Subsequently, 
Pt, Pd and Au were sputtered as both Schottky contacts and catalysts for the 
comparative studies. These metals are chosen as they have large work functions in 
comparison to the electron affinity of the anodized Nb2O5. It is demonstrated that the 
device based on Pd/Nb2O5 Schottky contact has the highest sensitivity amongst the 
developed sensors, which will be discussed in this chapter. The sensing behaviors were 
studied in terms of the Schottky barrier height variations and properties of the metal 
catalysts.  
The outcome of the chapter contributed to one of the PhD candidate’s journal 
papers entitled “Nb2O5 Schottky Based Ethanol Vapour Sensors: Effect of Metallic 
Catalysts” that was published in the journal of Sensors and Actuators B: Chemical [1]. 
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3.2 Experimental 
3.2.1 Fabrication of nanoporous Nb2O5 
The Schottky diode based sensor devices were fabricated using niobium foil (99.9% 
purity, Sigma Aldrich) of 0.25 mm thickness. The foil was cut into pieces of 1.0 cm × 
1.0 cm, which were cleaned with acetone, followed by isopropanol and rinsed with 
deionized water then dried in a stream of high purity nitrogen gas. Nb2O5 film 
synthesized via an anodization process that was conducted at 50 C in the electrolyte of 
NH4F/ethylene glycol, containing a small amount of water using a process that was 
based on the previous work [2]. Films were then annealed at 440 °C for 30 min at the 
ramp up/down of 2 °C min-1 for crystallization. The final stage of the fabrication was 
the formation of the Schottky contacts. For this study, Pt, Pd and Au layers with the 
thickness of ~20 nm each were deposited on the annealed Nb2O5 film using a GATAN 
PECSTM sputter coating system. A shadow mask with a 2.5 mm diameter hole was 
utilized to obtain a circular pad of catalytic contact. Sensor with Pt, Pd and Au contacts 
will be addressed as PtNb2O5, PdNb2O5 and AuNb2O5, respectively, throughout this 
paper. 
3.2.2 Structural characterization 
The morphologies of Nb2O5 films were studied using scanning electron microscopy 
(SEM-FEI Nova NanoSEM), while the crystallographic properties of the films were 
studied via X-ray diffraction (XRD) analysis using a Bruker D8 DISCOVER 
microdiffractometer fitted with a general area detector diffraction system (GADDS) that 
accommodates Cu-K radiation (l = 1.54178 Å). Analysis of the X-ray photoelectron 
spectrometry (XPS) was conducted using Thermo Scientific K-alpha X-ray 
Photoelectron.  
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3.2.3 Measurement setup 
The gas sensing measurements devices were conducted in a LINKAM (Scientific 
Instruments) customized gas testing chamber. A computerized mass flow control 
(MFC) multi-channel gas calibration system was used, which allowed the sensors to be 
exposed to ethanol with different concentrations by diluting it using 99.99 % dry 
synthetic air. This is carried out by adjusting the flow rates of each gas channel, 
producing a specified concentration of the analyte vapour species flowing at a total 
constant flow rate of 200 sccm to the LINKAM chamber. Electrical connections to the 
Schottky gas sensors were achieved by physically connecting the probes to the metal 
pads (top electrode) and Nb (bottom electrode) as schematically shown in Figure 3.1.  
 
 
Figure 3.1: Three-dimensional schematic of the Schottky-based Nb2O5 ethanol vapour 
sensor. 
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The currentvoltage (IV) measurements were carried out using Keithley 2606 
current source meter as they were sequentially heated from room temperature to 270 °C 
and exposed to a mixture of ethanol vapour and air. The sensors were mounted on 
heaters, which controlled their operational temperatures. The measurements started 
with the PdNb2O5 sensor, and it was observed that the largest voltage shift occurred at 
180 °C. Due to this observation and for comparison purposes, the dynamic 
measurements of other sensors were also obtained at 180 °C. The dynamic responses 
were measured as a change in the voltage magnitude utilizing an Agilent 34410A 
digital multimeter to record the voltage alterations under the exposure to ethanol vapour 
with different concentrations in air. 
3.3 Results and discussion 
3.3.1 Morphology and structural properties   
The SEM images of the cross-sectional and top views of nanoporous Nb2O5 after the 
annodization and annealing processes are presented in Figure 3.2. The thickness of the 
film in this figure is ~1 m. From Figure 3.2(b) it is observed that Nb2O5 films are 
made of fairly organized pores, with inner diameters ranging from 30 to 50 nm. 
Figure 3.2(c) shows the higher magnification cross-sectional images of the nanoporous 
Nb2O5 film. It is observed that the film is made of highly packed vein-like 
nanostructured networks. 
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Figure 3.2: SEM images of a Nb2O5 nanoporous film after the annealing process: (a) 
cross-sectional view of the whole nanoporous structure, (b) top view of the nanoporous 
structure and (c) a higher magnification SEM image of cross-sectional view of the 
nanoporous structure. 
 
The XPS analysis was carried out in order to investigate the elemental 
composition of the sensing films. As depicted in Figure 3.3(a-d), XPS survey spectra of 
the sensors show the presence of Nb, O, Pt, Pd and Au elements with very little carbon 
as a contaminant. Inset of Figure 3.3(a), shows the high-resolution spectrum for the Nb 
region that exhibits the Nb3d3/2 peaks at 210.08 eV and Nb3d5/2 at 207.28 eV. It is 
observed that the peaks obtained were in agreement with previous reports [3], 
indicating that the film consists of stoichiometry Nb2O5. The inset of Figure 3.3(b) 
shows the high resolution XPS spectrum focusing on the Pt signature of PtNb2O5 film. 
The peaks can be resolved into Pt4f peak with binding energies of 71.5  0.2 eV for 
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Pt4f7/2 and 74.4  0.2 eV for Pt 4f5/2, respectively. These binding energies correspond to 
the Pt metallic state [4]. As can be seen in the inset of Figure 3.3(c), two intense peaks 
centred at 341.3  2 for Pd3d3/2 and 335.4  2 for Pd3d5/2 are attributed to Pd the 
metallic state [5, 6]. Inset of Figure 3.3(d) shows an XPS spectrum of Au related area of 
the AuNb2O5 film. The Au 4f7/2 peak appears at a binding energy of 83.98 eV  2 and 
the Au 4f5/2 peak appears at a binding energy of 87.71 eV 2 indicating the metallic Au.  
 
 
Figure 3.3:  (a) XPS survey spectra of Nb2O5 (inset: XPS spectrum of Nb3d) (b) 
PtNb2O5 (inset: XPS spectrum of Pt 4f peaks) (c) PdNb2O5 (inset: XPS spectrum of 
Pd 3d peaks and (d) AuNb2O5 (inset: XPS spectrum of Au 4f peaks) films. 
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Figure 3.4 shows the XRD patterns of PtNb2O5, PdNb2O5 and AuNb2O5 films. All 
of them display the Nb2O5 peaks which can be indexed to the orthorhombic phase of 
Nb2O5 (ICCD-27-1003) depicted by the peaks of 22.6, 28.3, 36.6, 42.4, 46.2, 
49.7, 55.1, 58.3 and 63.1 [7].  
 
Figure 3.4: XRD patterns of the (a) PtNb2O5, (b) PdNb2O5 and (d) AuNb2O5 
samples. Orthorhombic Nb2O5 (ICDD 27-1003) are indicated by asterisk (*), while Pt, 
Pd and Au peaks are indicated by ◦, Δ and , respectively. 
78 
 
Figure 3.4(a) shows the XRD pattern of PtNb2O5 where the Pt peaks can be observed 
at 46.55 and 67.85 [8]. Figure 3.4(b) indicates the presence of Pd at peaks of 46.62° 
and 68.10°, respectively, for the PdNb2O5 sample [9]. Figure 3.4(c) reveals the 
presence of three peaks located at angles of 38.2°, 44.3° and 64.6°, which correspond to 
Au [10]. 
3.3.2 Effect of metal catalyst on ethanol sensing 
When the metal is brought into an intimate contact with the Nb2O5 semiconducting 
film, an electron barrier is established at the interface. In equilibrium and in the absence 
of any gas molecules, if the metal work function is larger than Nb2O5 electron affinity, 
a Schottky contact is formed with a built in voltage that depends on the barrier height. 
For Pt, Pd and Au with relatively large work functions, this barrier height is much more 
pronounced, which gives rise to a Schottky behaviour for the contact. Nb2O5 conduction 
band edge is ~3.5 eV with reference to vacuum. For the band gap of 3.5 eV, and when 
Nb2O5 is not doped, the Fermi level falls is at ~5.25 eV. This means that Au makes a 
near ideal ohmic contact with intrinsic Nb2O5. In reality, the anodized Nb2O5 is n-doped 
[2], which results in the electron affinity shifts closer to the conduction band edge 
value. This means that it is likely that even the contact with Au is Schottky. Figure 3.5 
demonstrates the IV curves at room temperature for PtNb2O5, PdNb2O5 and 
AuNb2O5 devices. The contact with Au is the closest to ohmic behaviour, while the Pt 
metal establishes a Schottky contact with the largest barrier height. 
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Figure 3.5: Forward-biased I–V characteristics of (i) AuNb2O5, (ii) PdNb2O5 and 
(iii) PtNb2O5 in air at room temperature. 
 
As a reference, the IV curves of the PdNb2O5 device was obtained at different 
operational temperatures ranging from room temperature (23 °C) to 210 °C and then 
exposed to 1% ethanol in ambient air for 10 mins. The current was set to 2 A as at this 
value the voltage changes were within the accepted range of the multimeter’s operation. 
Figure 3.6 shows the IV characteristics of this device before and after the exposure to 
ethanol vapour. It is observed that the highest voltage change occurred at the 
temperature of 180 °C.  Based on this result, as explained in the experimental section 
and for direct comparison, the measurements of other sensors were also conducted at 
180 °C.  
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Figure 3.6: I–V characteristics of PdNb2O5 in air and 1% ethanol at elevated 
temperatures. 
 
Figure 3.7(a) and (b) show the IV characteristics of the sensors and dynamic 
response of the sensors after the exposure to 1% ethanol concentration, respectively. 
From Figure 3.7(a-i), it is observed that the sensor with Pt contact gives the lowest 
forward current value at all voltages in comparison to Pd and Au contacts (Figure 3.7(a-
ii,iii)). This is owing to the high Schottky barrier height (SBH) for PtNb2O5 device. 
The current is mainly governed by the SBH. The high work function of the Pt contact 
metal leads to a high SBH and consequently a small number of free charge carriers’ 
injection. The presented results are in agreement with the work presented by Schmitz et 
al. who observed that Pt on GaN resulted in the largest SBH as compared to Pd and Au 
[11].  
81 
 
 
Figure 3.7: (a) I–V characteristics of sensors in air and 1% ethanol (b) dynamic 
response to 1% ethanol biased at 2A of: (i) PtNb2O5, (ii) PdNb2O5 and (iii) 
AuNb2O5 Schottky gas sensors at 180 °C. 
 
The responses of the sensors biased at 2 A, while being exposed to 1% ethanol 
vapour, are shown in Figure 3.7(b).  It is observed that PdNb2O5 showed the largest 
voltage shift followed by PtNb2O5 and AuNb2O5. The PdNb2O5 sensor exhibited 
voltage shift of 2.64 V (at the baseline of 14.0 V result in the response relative change 
of 19.3%), while PtNb2O5 and AuNb2O5 sensors exhibited voltage shifts of 1.87 V 
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(baseline of 19.9 V and the relative change of 10.1%) and 1.07 V (baseline of 11.5 V 
and the relative change of 8.7%), respectively.  
Further measurements were conducted in the range of room temperature to 
270 °C for PtNb2O5 and AuNb2O5 sensors in order to determine their optimum 
operating temperatures. It is found that the optimum operating temperature of 
PtNb2O5 was 200 °C, while it was 240 °C for AuNb2O5.  Figure 3.8 shows the IV 
characteristics and dynamic responses of the Pt–Nb2O5 and Au–Nb2O5 sensors to 1 % of 
ethanol vapour at their respective optimum operating temperatures. According to the 
presented results, the voltage shift of Pt–Nb2O5 and Au–Nb2O5 is smaller as compared 
to Pd–Nb2O5 sensor. As such, it can be concluded that Pd–Nb2O5 sensor exhibits the 
lowest operating temperature with the highest voltage shift. 
 
 
Figure 3.8: (a) I–V characteristics of sensor in air and 1% ethanol (b) dynamic 
responses to 1% ethanol biased at 2 A of: (i) PtNb2O5 at 200 °C and (ii) AuNb2O5 
at 240 °C. 
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The voltage shift of each sensor is attributed to the reduction of SBH, which can 
be calculated using the equations that are presented as follows. According to thermionic 
emission theory for Schottky diodes, the dependence of forward current on the applied 
voltage is given by the expression [12]:  
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where q is the charge of one electron, V is the applied voltage, T is the absolute 
temperature in Kelvin, k is the Boltzmann’s constant and Is is the saturation current as 
defined by:  
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in which A is the diode area, A** is the Richardson constant and B is the zero bias 
Schottky barrier height in eV. The SBH can be extracted from equation (3.2) as:  
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Here, Is can be obtained by the extrapolation of the current density at the zero 
voltage. Finally, the change in Schottky barrier height can be determined from the 
following equation: 
 BAirBEthB ΦΦΦ   (3.4)                     
where BAirΦ  and BEthΦ  are the SBHs in air and ethanol containing ambiences. Using 
equations (3.1) to (3.4) the SBH differences of the sensors with Pt, Pd and Au metallic 
catalysts towards 1% ethanol exposure were calculated and presented in Table 3.1. As 
can be seen, the Pd contact gives the largest change in the barrier height, while Au 
based device resulted in the smallest change. 
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Table 3.1 
 SBH change under different vapour/ gases 
Sensor Metal  
Metal work 
function 
SBH change, B (eV), under 
different gas or vapour 
C2H5OH H2 CH4 
AuNb2O5 Au 5.4 ~ 0.017 ~ 0.020 ~ 0.008 
PdNb2O5 Pd 5.6 ~ 0.234 ~ 0.391 ~ 0.203 
PtNb2O5 Pt 5.7 ~ 0.015 ~ 0.273 ~ 0.007 
 
It has been reported that at a temperature range of ~55 to ~200 °C, ethanol 
molecules start to dissociate into ethoxides on Pd, Pt and Au as [13-18]: 
C2H5OH (g) → CH3CH2O (a) + H (a)  (3.5)                                   
in which (g) and (a) stand for the gaseous and adsorbed species, respectively. 
Ethoxides may be further oxidized to acetaldehyde: 
         C2H5O (a) → CH3CHO (g) + H (a)   (3.6)                                                                  
It is suggested that the H atoms are further broken down to H+ and an electron 
charge (e) on the catalytic metal layer. The accumulated absorbed H+ ions further 
spills through the catalytic metal and intercalate with Nb2O5 to form HxNb2O5 [19]. As 
the system is maintained at an elevated temperature, it is also possible that HxNb2O5 
breaks down into reduced niobium oxide and produces H2O [2]. The process can be 
described as: 
           2HxNb2O5 → xH2O + 2Nb2O(5 x/2) (3.7)                                                                           
The released electrons and the formation of HxNb2O5 or Nb2O(5 x/2) reduce the 
length of depletion region in the semiconductor and cause an effective reduction in the 
metal-semiconductor barrier height, which allows more free charge carriers to flow. 
Exposing the device back to air (oxygen environment with no ethanol molecules) 
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allows the surface of the reduced film to revert back to the original fully oxidized state 
as follows: 
    Nb2O(5 x/2)+ (x/4)O2 → Nb2O5   (3.8)                    
This means that the original SBH values are regained and the sensors’ outputs 
return to their original baselines. 
The changes of SBH of Schottky-based gas sensors with a catalytic metal of 
larger work function than the electron affinity of the semiconductor is schematically 
shown in Figure 3.9. The original SBH is determined by the work-function of catalytic 
metal and the electron affinity of Nb2O5. When the metal is brought to an intimate 
contact with Nb2O5, electrons diffuse from the metal to Nb2O5 in order to achieve a 
constant Fermi level throughout the system, forming a thermal equilibrium. This results 
in the upward band bending within Nb2O5 at the interface with metal. Consequently, 
further electrons in the metal see a barrier (SBH) against their migration into the 
semiconductor. Upon the exposure to ethanol and its interaction with Nb2O5 near the 
contact area, the SBH is reduced. When the sensor is exposed to air, oxygen molecules 
are adsorbed at the metal-Nb2O5 interface, result in the SBH to increase.  
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Figure 3.9: Energy band diagram illustrations of a metal and Nb2O5 contact for M >  
(a) is before establishing the contact and (b) their corresponding band bending after 
establishing a contact and exposure to ethanol vapour.  is the electron affinity of 
Nb2O5, EFM and EFS are the Fermi levels of metal and Nb2O5, respectively, EVAC is the 
reference vacuum level, EV and EC are the valence and conduction band and the BAir 
and  BEth are the SBHs in air and ethanol. 
 
A plot of measured voltage shifts of the sensors equipped with different catalysts, 
under different ethanol concentrations (ranging from 0.06 to 1 %) is shown in 
Figure 3.10. At a low concentration (0.06 and 0.12%), the PtNb2O5 shows a higher 
voltage shift as compared to PdNb2O5 and AuNb2O5. From the plots, it is clearly 
seen that the PdNb2O5 device exhibited the largest sensitivity towards ethanol at 
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ethanol concentrations above 0.25%. It has been suggested that the change in barrier 
height induced by hydrogen adsorption is proportional to the hydrogen coverage of the 
surface [20]. It has also been reported that Pt is effective to increase the response of the 
adsorption at low concentrations of hydrogen [21]. Ethanol and hydrogen breakdowns 
onto a catalytic metal on a metal oxide semiconductor have a certain similarity as they 
both produce H atoms in the process. Due to this, the author concluded that they show a 
reasonably similar catalytic behaviour towards ethanol. These explain why the barrier 
height changes of the Pd−Nb2O5 sensor were higher than that of the Pt−Nb2O5 sensor at 
high concentrations of ethanol vapour.  
 
Figure 3.10: Barrier height changes of the sensors at different ethanol concentrations 
obtained at 180 C (i) PdNb2O5 (ii) PtNb2O5 and (iii) AuNb2O5. 
 
The response times were measured as time taken needs to reach 90% of its 
maximum response and on the other hand the recovery time was defined as time that 
sensor needs to recover to its 90% of its baseline and are presented in Table 3.2. 
Generally, it is observed that PdNb2O5 exhibit faster response as compared to 
PtNb2O5 and AuNb2O5. Response and recovery times for all sensors display a strong 
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dependence on the ethanol concentration. An increase in ethanol concentration provides 
more ethanol atoms to be adsorbed on the oxide surface per unit time, thereby 
favouring the fast electron kinetics. In addition, the increase of ethanol concentration 
can increase the probability of collision between the atoms and then increase the 
reaction ratio [29]. On the other hand, the recovery times for all sensors were longer 
due to the slow desorption kinetics of the ethanol vapour from the interface. As can be 
seen, the device with the Pd catalytic metal had the shortest response, while the 
response for the AuNb2O5 was the slowest.  
Table 3.2  
Response and recovery time of Nb2O5 Schottky gas sensors with different types of 
metal catalysts 
Ethanol 
concentration 
(vol %) 
Pd Pt Au 
Response 
time (s) 
 
Recovery 
time (s) 
 
Response 
time (s) 
 
Recovery 
time (s) 
 
Response 
time (s) 
 
Recovery 
time (s) 
 
0.06 38 98  57 232 58 227 
0.12 34 166 42 283 46 324 
0.25 28 152 30 351 25 267 
0.5 23 154 16 256 25 259 
1.0 17 240 25 273 15 288 
 
For the Pt and Au samples the recovery times at different concentrations are very 
close. However, for the Pd sample the recovery time is much smaller at low 
concentrations than that of the higher concentrations. As Pd is more active, it reacts 
three times faster than Pt with hydrogen containing gas species [22]. Such faster 
interaction is likely to translate into shorter responses at lower concentrations of ethanol 
gas for the Pd-Nb2O5 based sensor. Obviously as the gas molecules interaction with Pt 
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and Au are not as fast, there is a minimal difference in the recovery times between the 
low and high ethanol concentrations for Ptand AuNb2O5 based sensors. 
As mentioned earlier, ethanol and hydrogen gas molecules breaking downs onto a 
catalytic metal show certain similarities. It is then logical to compare the observations 
with previous reports comparing the behaviors of Pt, Pd and Au on metal oxide 
semiconductors in response to hydrogen. Armgath et al. have reported that the 
hydrogen solubility in Pd is about three orders higher than the hydrogen solubility in Pt 
[22]. Due to this, it is suggested that similarly the response of ethanol on the Pd device 
should be larger than that of the Pt device, which describes why the PdNb2O5 sensor 
response is almost twice as large as PtNb2O5 device. It is believed that the relatively 
small shift of the AuNb2O5 sensor as compared to the PdNb2O5 and PtNb2O5 is 
mainly due to the mechanism of the hydrogen adsorption onto Au. It has been reported 
that the H–Au interaction is weaker than the H–Pt interaction [23]. On Au, a higher 
hydrogen pressure is required to reach the same fractional coverage as on Pt. Moreover 
on Au, the activation energy for the dissociation of hydrogen is higher than on Pt.  
These results are also in agreement with those reported by Yamamoto et al. They 
reported that their TiO2 Schottky diode based gas sensors sensitivity to hydrogen 
decreased in the order of Pd  Pt  Au [24]. Additionally, Penza et al. have investigated 
the effect of catalyst on WO3 sensors and concluded that devices with the Pd catalyst 
provided the highest sensitivity towards hydrogen as compared to Pt and Au [25]. 
In order to investigate the selectivity of the sensors, further experiments were 
conducted. All sensors were exposed to other gases including hydrogen and methane of 
the same concentration (1% vol). Figure 3.11 shows the dynamic responses, while 
Figure 3.12 shows the voltage shifts of each sensor under exposure of 1 % target gases 
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at 180 °C. It is found that all the voltage shifts under hydrogen gas exposure is slightly 
higher than that of to ethanol vapour.   
 
Figure 3.11: Dynamic response to 1% of different vapour/gases at 180 °C of (a) 
PtNb2O5, (b) PdNb2O5 and AuNb2O5 gas sensor. 
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However, the exposures to methane gas resulted in a relatively smaller voltage shifts. 
Thus, the sensors exhibited a stronger selectivity to ethanol and hydrogen and were less 
sensitive to methane gas. The Schottky barrier height change of the three sensors under 
different target vapour/gases is as shown previously in Table 3.1. 
 
 
Figure 3.12: Voltage shift of all sensors at concentrations of 1% exposure to different 
vapour/gases. 
 
 In order to study the effect of water vapour on the response properties of 
ethanol, the PhD candidate conducts additional experiments with PdNb2O5. The 
humidity effect of the sensors were studied by exposing them to the ethanol vapour and 
100 % humidity and tested at a temperature of 90 °C. The presence of water vapour 
when exposed to the reduced Nb2O(5 x/2) either physically cover the surface area, 
hindering it from further interactions with ethanol or forms a slightly intercalate 
niobium oxide. In either situation the sensitive layer is less sub-stoichiometry, resulting 
in a smaller barrier height change.  
 Exposing the device back to the oxygen rich environment with no ethanol 
molecules allows the surface of the film to revert back to original fully oxidized state. 
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However, when the surface exposed to humidity at a low temperature, less adsorption 
of oxygen species occurs (likely due to the H2O coverage)  [26]. Due to this, the 
recovery time would increase. As can be seen in Figure 3.13, it is observed that the 
sensor does not recover to its baseline after each response-recovery cycles, equal to 
those of the initial measurements, as they required longer time to recover. 
 
Figure 3.13: Dynamic response of PdNb2O5 gas sensor at different ethanol 
concentrations and 100 % humidity. 
 
3.4 Summary 
In this chapter, the PhD candidate presented the outcomes of her investigation on the 
development of Schottky diode based devices made of metal catalysts and porous 
Nb2O5 towards ethanol sensing. The effects of Pd, Pt and Au metal catalysts on the 
barrier height of the contacts and sensing properies of the devices were 
comprehensively studied. Based on the presented results, the author concluded that 
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sensor with the Pd catalyst offered the best performance. They provided the highest 
sensitivity. Additionally, short reponse and recovery were achieved with Pd catalyst as 
well. The better performance of the PdNb2O5 gas sensor was attributed to the 
properties of Pd catalyst, allowing more efficient breakdown of ethanol molecules and 
better solubility of the H atoms, which resulted in the highest Schottky barrier change. 
The presented investigation provide an in-depth vision regarding the performance of 
various catalytic metals in forming Schottky contacts with Nb2O5 and their performance 
as ethanol vapour sensors.  
In the next chapter, the author will present her investigations regarding the 
development of  optical gas sensor based on nanoporous Nb2O5 fabricated on FTO. The 
author will discuss in detail the fabrication process, film characterizations and the gas 
sensing performances. 
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Chapter 4  
Anodized Nb2O5: An Optically Responsive 
System to Hydrogen Gas Molecules 
 
4.1 Introduction 
In the previous chapter, the PhD candidate reported the investigation of nanoporous 
Nb2O5 as Schottky-based gas sensors. In this chapter, the author presents the outcome 
of her research regarding the development of optical gas sensors based on nanoporous 
Nb2O5.  
Nanoporous Nb2O5 has been shown previously to be a viable electrochromic 
material with strong intercalation characteristics [1-3]. Despite showing such promising 
properties, its’ potential for optical gas sensing applications, which involve the 
production of ionic species such as H+, has yet to be explored. Nanoporous 
Nb2O5 coated with a thin layer of Pt can accommodate a large amount of H
+ ions in a 
process that results in an energy bandgap change of the material that induces an optical 
response. In this chapter, the PhD candidate presents her investigations on optical 
hydrogen gas (H2) sensor made of highly ordered nanoporous Nb2O5 with a large 
surface to volume ratio prepared via a high temperature anodization method. The large 
active surface area of the film provides enhanced pathways for efficient 
hydrogen adsorption and dissociation which is facilitated by a thin layer of Pt catalyst. 
The processes of hydrogen sensing which causes large optical modulations are fully 
investigated in terms of response magnitudes and dynamics. The hydrogen gas 
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modulation and sensing properties of Nb2O5 can be potentially used for future optical 
gas sensing systems.  
The outcome of this chapter was mostly contributed to one of the PhD 
candidate’s journal papers entitled “Optical Gas Sensing Properties of Nanoporous 
Nb2O5 Films.” which has been published in the ACS Applied Materials & Interfaces 
[4]. 
4.2 Experimental 
4.2.1 Synthesis of Nb2O5 
The Nb films used in this work were prepared by a RF magnetron sputtering system. 
Fluorine-doped tin oxide (15 Ω sq−1, Dyesol) glass substrates measuring 15 mm × 10 
mm were used. Nb films were deposited by means of a RF magnetron sputtering using 
a circular metallic Nb target of 2 inches in diameter with a purity of 99.95% placed at a 
distance of 65 mm from the substrate stage. The base pressure of the sputtering 
chamber was 1.0×10−5 Torr and the sputtering pressure was set to 2×10−2 Torr in the 
presence of pure argon (100%).  A constant 120 W RF power was used with the 
substrate temperature fixed at 300 °C for 20 minutes of sputtering. The sputtering 
process utilizing the aforementioned parameters resulted in Nb metal films with 
thicknesses of ~350 nm. The sputtered Nb films were anodized in an electrolyte consist 
of 50 mL glycerol (99% purity) mixed with 6.3 g of K2HPO4 (98% purity) (both from 
Sigma–Aldrich) that was kept at a constant temperature of 180 °C during the 
anodization process. The anodization was carried out with a conventional two electrode 
configuration, where the anode was the sample and the cathode was a platinum foil. 
The anodization duration of 3 mins at a voltage of 5 V resulted in nanoporous Nb2O5 of 
~500 nm thickness. The films were then washed using deionized water and dried in a 
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nitrogen stream. The samples were then annealed in a standard laboratory furnace at 
500 °C for 1 h in air with a ramp-up and ramp-down rate of 2°C min−1 which resulted in 
transparent crystalline Nb2O5 films. A Pt catalytic layer of  1 nm thickness was 
sputtered onto the film surface to facilitate and enhance the breakdown of hydrogen gas 
molecules. In previous report, the as-synthesized compact Nb2O5 nanoporous films 
with a thickness of 500 nm demonstrated the optimum coloration efficiency in 
electrochromic applications [1]. As such, the author chose this thickness for her optical 
gas sensing investigations.  
 
4.2.2 Structural characterization  
The scanning electron microscope (SEM) images of the Nb2O5 films were taken with a 
FEI Nova NanoSEM, while the chemical properties of the films were examined by X-
ray photoemission spectroscopy (XPS) using a Thermo K-alpha X-ray source (1486.7 
eV) with an energy of 50 eV. The crystalline structure of the Nb2O5 films were 
determined by X-ray diffraction (XRD), characterized by a D8 Advance Bruker AXS 
with General Area Detector Diffraction System (GADDS) attachment fitted with a 50 
m spot size collimator, incorporating a High Star 2 dimensional detector and CuK 
radiation ( = 0.1542 nm) operating at 40 kV and 40 mA. Raman spectra were 
measured using an Ocean Optic QE 6500 spectrometer, equipped with a 532 nm 40 
mW laser as the excitation source.   
 
4.2.3 Gas sensing measurements  
The absorption spectra of the Nb2O5 nanoporous films were examined using a testing 
setup as shown in Figure 4.1(a). The custom-made chamber (Figure 4.1(b)) consisted of 
an aluminum box with ports for a gas inlet and outlet, ports for light to pass through 
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and electrical connectors for a heating plate. The optical signal was provided using a 
deuterium-halogen single beam light source (Micropack DH-200) and measured by a 
spectrophotometer (Ocean Optics HR 4000). A custom built sample holder was utilized 
to mount the substrate during testing. The operating temperature of the sensors was 
regulated using a localized heater which was connected to a dc voltage supply. The 
hydrogen gas was pulsed into the inlets of the aluminium box where the concentration 
was accurately controlled using a computerized mass flow control (MFC) multi-
channel gas calibration system. Exposure time was 10 min for each pulse of hydrogen 
gas and the chamber was purged with synthetic air for 10 min between pulses to allow 
the sensors to recover under atmospheric conditions. The analysis was performed using 
Spectrasuite software package. 
 
Figure 4.1:  The schematic diagrams of (a) the gas sensing measurement set-up and (b) 
three-dimensional diagram of the optical gas testing chamber. 
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4.3 Results and discussion 
4.3.1 Morphology and structural properties  
The surface and cross-sectional SEM images of Nb2O5 films are presented in 
Figure 4.2. From the top-view SEM image of the Nb2O5 layer in Figure 4.2(a), it can be 
clearly seen that, apart from the large pores with an average dimension of 35 nm, 
smaller pores with a size from 10 to 15 nm were also formed throughout the films, thus 
making all of the pores connected into a three-dimensional (3D) porous nanostructure. 
From the cross sectional images as depicted in Figure 4.2(b), it was observed that the 
anodized thin films were composed of arrays of  continuous and highly packed 
nanoporous networks that are ordered in the vertical direction. This nanoporous 
structure offer great prospects for optical gas sensing, as the significantly increased 
surface area should in principle allow faster and more efficient diffusion of target gases. 
 
Figure 4.2: SEM images of (a) top view and (b) cross sectional view of anodized 
Nb2O5 
 
An XPS was carried out to determine the composition of the annealed Nb2O5 
nanoporous films. Figure 4.3(a) shows the survey spectrum of the films indicating the 
existing of Nb, O, N and C.  The existence of minute peaks for N and C in the survey 
spectrum was attributed to atmospheric contamination. As shown in Figure 4.3(b), the 
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high resolution spectra exhibits peaks approximately at 210.1 and 207.3 eV, which 
were accredited to the Nb3d3/2 and Nb3d5/2 energy levels, respectively. The measured 
peaks were consistent with a previous report, representing the full stoichiometry of 
Nb2O5 films [1]. 
 
Figure 4.3: (a) The XPS survey scan of nanoporous Nb2O5 film and (b) XPS spectrum 
of Nb3d peaks of the nanoporous Nb2O5 film. 
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XRD measurements were carried out to examine the crystalline structures of the 
as-anodized and annealed Nb2O5. The XRD patterns of the as-anodized sample (Figure 
4.4-i) display only Nb peaks together with FTO peaks indicating amorphous nature of 
the films. The annealed films were crystalline and formed the orthorhombic phase of 
Nb2O5 (ICDD27-1003) after 1 hour of annealing at a temperature of 500 °C as 
indicated by peaks appearing at 22.6, 28.5, 37.0, 45.0, 46.3, and 55.5 ° 2-theta (Figure 
4.4-ii) [5]. 
Figure 4.4: (a) The XRD pattern of nanoporous Nb2O5 film (i) as anodized and (ii) 
after annealing in air for 1 hour at 500 °C, orthorhombic phase (ICDD 27-1003) is 
denoted by , while FTO is denoted by *.  
 
The results were further verified by the Raman spectra presented in Figure 4.5. 
The broad peaks at 250 cm−1 and 650 cm−1 were observed in the spectrum of 
nanoporous films signifying the characteristics of amorphous niobium oxide. After 
annealing, the Raman peaks for the nanoporous Nb2O5 were clearly visible by peaks 
located at 303 and 460 cm−1. These peak positions are consistent with previous reports 
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which correspond to the orthorhombic phase of crystalline Nb2O5 [6]. The XRD peaks, 
as well as XPS and Raman analysis confirmed the orthorhombic phase structure of the 
Nb2O5 nanoporous film. 
 
Figure 4.5: Raman spectra of (i) as-anodized and (ii) annealed Nb2O5 films. 
4.3.2 Gas sensing performances 
The optical responses of the Pt/ Nb2O5 nanoporous films were first investigated under 
different operating temperatures.  The measurements were conducted at temperatures of 
22, 40, 60, 80 and 100 °C by exposing it alternately to synthetic air and 1 % hydrogen 
gas balanced in air. Temperatures above 100 °C could not be implemented as the test 
chamber could not withstand such elevated temperatures. It was found that the Pt/ 
Nb2O5 nanoporous films did not show any distinguishable gas response at room 
temperature as shown in Figure 4.6(a). It is suggested that at low temperature, there is 
insufficient energy for hydrogen dissociation to happen. It has been reported that higher 
energy is required to initiate the intercalation process of Nb2O5 nanoporous structure 
due the fact that Nb2O5 has a wider band gap and higher conduction band edge as 
compared to other eminent electrochromic materials [1].   
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 The introduction of 1 % hydrogen gas to the Pt/ Nb2O5 nanoporous films at 
100 °C resulted in a change of the absorption spectrum over a wide wavelength range 
from 350 to 900 nm (Figure 4.6(b)). It has been reported that 100 °C was the optimum 
temperature for an absorbance response as at such temperatures, the adsorption rate of 
H+ ions increases due to sufficient energy being available to dissociate molecular 
hydrogen while at the same time the formation of water vapor on the surface is limited 
which would decrease the surface area available for the gas adsorption response [7].  
 
Figure 4.6: Absorbance versus optical wavelength spectra for Pt/Nb2O5 nanoporous 
films exposed to 1 % hydrogen at (a) room temperature and (b) 100 °C. 
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The optical absorption properties of Nb2O5 were tuned by the intercalation of H
+ 
ions that resulted from the dissociation of hydrogen gas molecules in the presence of 
the Pt catalyst. These reactions alter the electronic band structure of the Nb2O5 
nanoporous films [1] which consequently changes the optical absorbance of the films. 
The detailed mechanism of optical hydrogen gas sensing using nanoporous Nb2O5 is 
discussed in details as follows. 
Hydrogen gas dissociates on the Pt catalyst forming hydrogen ions (H+) and 
electrons (𝑒−) [8]: 
H2(g) → 2H
+ + 2𝑒− (4.1) 
 
The generated hydrogen ions and electrons are simultaneously intercalated into 
the Nb2O5 nanoporous films. Furthermore, water molecules (H2O) are formed via the 
reduction of Nb2O5 to Nb2O5−𝑥/2 as described by the following reactions [1, 5]:  
Nb2O5 + 𝑥H
+ + 𝑥𝑒− ⇋ H𝑥Nb2O5 (4.2) 
 
2H𝑥Nb2O5  ⇋  𝑥H2O + Nb2O5−𝑥/2 (4.3) 
 
The intercalated H+ ions are embedded into the crystal structure of Nb2O5 and the 
released electrons are transferred to the lowest-lying unoccupied energy levels of 
Nb2O5. Thus, the stoichiometry of the nanoporous film is changed and its electronic 
band structure is altered, which results in an increase of the Nb2O5 film absorbance. 
Purging the hydrogen gas source from the system by exposing the films to air (oxygen 
rich environment) the adsorbed oxygen species restores the stoichiometry of the Nb2O5 
nanoporous films and hence reduce the level of absorbance to the original state as [5]: 
Nb2O5−𝑥/2 + (𝑥/4)O2 ⇋ Nb2O5 (4.4) 
 
This indicates the reversibility of the chemical reactions, and thereby justifies the use of 
this material in a repeatable manner and its use in gas sensor. 
As mentioned before, the intercalation of H+ ions reduces the bandgap of Nb2O5. 
The bandgap energies were calculated from the UV-Vis absorption spectra shown in 
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Figure 6(b) using the Tauc equation [9]. It was found that the bandgap of the anodized 
Nb2O5 film under ambient air exposure was 3.26 eV. The bandgap reduced to 2.99 eV 
in the presence of 1% hydrogen due to the intercalation of H+ ions into the Nb2O5 film 
as described by equation (4.2).   
Figure 4.7 shows the dynamic response of the Pt/ Nb2O5 films towards a 1% 
hydrogen gas concentration at different operating temperatures from 60 to 100 °C. The 
measurements were carried out at a single wavelength of 600 nm which was the 
wavelength where the maximum absorption was recorded in the visible region in Figure 
6(b). As discussed before, no response was observed at room temperature, but the 
response magnitude increased with an increase of operating temperature starting from 
60 °C and the maximum absorption change was observed at 100 °C. This might be due 
to the slow kinetics of hydrogen dissociation over this temperature range. 
Consequently, this would suppress the injection of both e− and H+ into the 
Nb2O5 lattice.  However, as the temperature increases, the response increased slightly 
due to the favorable hydrogen adsorption and dissociation on the catalyst surface.   
 
Figure 4.7: The dynamic response of nanoporous Nb2O5 optical gas sensors at different 
temperatures at wavelength of 600 nm under 1% hydrogen exposure. 
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Figure 4.8(a) shows the dynamic responses of the Pt/ Nb2O5 nanoporous films 
towards hydrogen concentration range of 0.06 to 1.0 %, measured at a single 
wavelength of 600 nm at 100 °C. It was found that the absorption change increases 
linearly with increasing hydrogen concentration as observed from the plot shown in 
Figure 4.8(b). With hydrogen concentrations of 0.06, 0.12, 0.25, 0.5, and 1.0%, 
absorption changes of 0.03, 0.04, 0.05, 0.08 and 0.12 were recorded. When the gas 
supply was repeatedly switched from air to hydrogen gas, the baseline remained stable.  
 
Figure 4.8: (a) Dynamic performance and (b) absorbance change of Pt/Nb2O5 
nanoporous films based sensor after exposure to different concentration of hydrogen at 
100 °C at the wavelength of 600 nm.   
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The performances of the optical sensors under different hydrogen concentrations 
were further evaluated in terms of response and recovery time. The response time is 
defined as the time required for the variation in absorbance to reach 90% of the 
equilibrium absorbance peak value after a test gas was injected, and the recovery time 
as the time necessary for the sensor to return to 10% above the equilibrium absorbance 
peak value in air after releasing the test gas [10]. Figure 4.9 shows the plot of response 
and recovery times under different concentrations of hydrogen exposure. It was found 
that, as the concentration of hydrogen increased, the response time decreased. However 
the sensor required a longer time to recover as the hydrogen concentration increased.  
 
Figure 4.9: Plot of response and recovery times under various hydrogen concentrations 
 
In general, the response time of the sensors is much shorter than the recovery 
time. Hydrogen concentrations of 0.06, 0.12, 0.25, 0.5 and 1.0 %, result in response 
times of 62, 52, 45, 32 and 12 s while recovery times were 190, 212, 225, 259 and 275 s 
respectively. It can be concluded that the Pt/ Nb2O5 sensor performances exhibited a 
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strong dependence on the hydrogen gas concentration. With the increased hydrogen gas 
concentration, the adsorption of H+ ions is high; thereby favoring fast electron 
injections and H+ intercalations into the Nb2O5 films and therefore enhanced response 
times. However, it is suggested that the increase in hydrogen concentration also results 
in large changes in the film stoichiometry, and therefore restoring the film to its initial 
state will take longer. 
4.4 Summary 
In this chapter, the PhD candidate presented her investigations regarding the 
development of nanoporous Nb2O5 films for optical hydrogen gas sensing. These 
nanoporous films were obtained using a high temperature anodization technique in a 
glycerol based electrolyte at 180 ºC that resulted in highly ordered 
Nb2O5 nanostructures. In the gas sensing experiments, the dissociated H
+ ions from the 
hydrogen gas molecules, facilitated by the presence of a thin Pt layer, changed the 
optical absorption properties of the Nb2O5 film in the visible region. The intercalation 
of H+ into the nanoporous films altered the electronic band structure, thereby exhibiting 
an absorption change which contributed to the sensor response. The optical absorbance 
measurements upon exposure to hydrogen gas were conducted over a range of 
temperatures starting from room temperature to 100 °C. The nanoporous films 
of ~500 nm thickness with a high active surface area demonstrated excellent 
absorbance changes at 100 °C with a response factor of 12.1 % at 1% hydrogen in 
ambient air as well as a rapid response and recovery. The presented work is the first 
report of an optical hydrogen gas sensor based on Nb2O5 and future investigations can 
reveal its applications for sensing other gas species. 
In the next chapter, the PhD candidate will present her research on nanoporous 
WO3 based systems, as the final section of this PhD dissertation. The author will 
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present her investigations on the development of highly ordered nanoporous WO3 
Schottky-based gas sensors for sensing ethanol vapour and hydrogen gas. 
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Chapter 5 
Anodized Nanoporous WO3 Schottky Contact 
Structure for Hydrogen and Ethanol Sensing 
 
5.1 Introduction 
In this chapter, the PhD candidate presents her work on the development of 
nanoporous tungsten trioxide (WO3) Schottky-based gas sensors.  
The nanoporous WO3 films were prepared by anodic oxidation of tungsten 
foil in ethylene glycol mixed with ammonium fluoride and a small amount of 
water. Anodization resulted in highly ordered WO3 films with a large surface to 
volume ratio. Utilizing these nanoporous structures, Schottky diode-based gas 
sensors were developed by depositing a platinum catalytic contact and tested 
towards hydrogen gas and ethanol vapour. Analysis of the currentvoltage 
characteristics and dynamic responses of the sensors indicated that these devices 
exhibited a larger voltage shift in the presence of hydrogen gas compared to 
ethanol vapour at an optimum operating temperature of 200 C. The gas sensing 
mechanism was discussed, by associating the response to the intercalating H + 
species that are generated as the result of the hydrogen and ethanol molecules 
breakdowns onto Pt/WO3 contact and their spill over into nanoporous WO3. 
The work presented in this chapter was submitted to the Journal of Materials 
Chemistry A and is currently under review.  
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5.2 Experimental 
5.2.1 Synthesis of WO3 
W foil (99.9% purity) used in this work purchased from Sigma Aldrich and was cut into 
pieces of 1.0 cm × 1.5 cm. After the clean-up, the cut samples were anodized in an 
electrolyte of 50 mL ethylene glycol (98% anhydrous) mixed with 10% (wt) NH4F 
(98% purity) (both from Sigma-Aldrich) and a small amount of DI water. The 
anodization was carried out with a conventional anode–cathode configuration at a room 
temperature [1], where the anode was the W foil piece and the cathode was a platinum 
foil. The anodization at the voltage of 10 V for durations of 15 minutes resulted in WO3 
films comprising of 500 nm thick nanoporous structures. Upon the completion of 
anodization, samples were washed using DI water and dried in a nitrogen stream. The 
as-anodized samples were than annealed by a standard laboratory horizontal furnace at 
500 °C for 1 h in air with a ramp-up and ramp-down rate of 2°C min−1 which resulted in 
crystalline WO3 films.  
For establishing the gas sensors, Pt catalytic contact with the thickness of ~15 nm 
was deposited on top of the WO3 nanoporous using a GATAN PECS
TM (Precision 
Etching Coating System) thin film coater. The non-anodized side of W substrates were 
used as the ohmic contact (Figure 5.1(a)). 
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Figure 5.1:  The schematic diagrams of (a) three-dimensional Schottky-based 
WO3 sensor and (b) the gas sensing measurement set-up.  
 
5.2.2 Structural characterization  
The films morphologies and structures were assessed using a scanning electron 
microscope (SEM - FEI Nova NanoSEM), while the chemical properties of the films 
were investigated by X-ray photoemission spectroscopy (XPS) using Thermo K-alpha 
X-ray source (1486.7 eV) with pass energy of 50 eV. The crystallinity of the WO3 films 
were characterized by a D8 Advance Bruker AXS X-ray diffractor with General Area 
Detector Diffraction System (GADDS) attachment fitted with a 50 m spot size 
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collimator, incorporating a High Star 2 dimensional detector and CuK radiation ( = 
0.1542 nm) operating at 40 kV and 40 mA. The Raman spectroscopies were performed 
using a 532 nm laser at 0.9 mW power with a PerkinElmer Raman Station 400F. 
 
5.2.3 Gas sensing measurement  
During the measurements, the sensors were placed in a gas testing chamber connected 
to the T95 controller (both from Linkam Scientific Instruments), which was capable of 
controlling the temperature of the device via an external micro heater beneath the 
sensors. The operating system was accessed through Linksys 32 Software Package 
enabling the users to quickly enter experimental parameters such as temperature and 
heating rate. A thermocouple is connected to the stage for measuring the sensor surface 
temperatures online. Detail of the measurement set-up can be seen in the schematic 
diagram as presented in Figure 5.1(b). The electrical contact was formed by connecting 
the needle probes to the Pt electrodes of the sensors. I–V characteristics were measured 
using a Keithley 2600 current source meter. The gas sensor was supplied with a 
constant bias current (100 A) in order to measure the dynamic response of the device 
when it was periodically exposed to ambient air and the analyte gas (hydrogen/ethanol) 
with the pulse sequence of 0.06%, 0.12%, 0.25%, 0.50% and 1%. The voltage change 
was recorded utilizing an Agilent 34410A digital multimeter. The concentration was 
accurately controlled using a computerized mass flow controller (MFC) multi-channel 
gas calibration system by changing the synthetic air to analyte gas ratio while 
maintaining a total constant flow rate of 200 sccm (mL/min).  
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5.3 Results and discussion 
5.3.1 Morphology and structural properties  
The SEM images of the as anodized and annealed WO3 films are presented in Figure 
5.2. From the top-view SEM image of the WO3 layer of Figure 5.2(b, c), it is evident 
that a highly ordered self-organized three-dimensional (3D) nanoporous layer is formed 
on the entire surface. This porous layer consists of a very regular structure with pores 
encapsulated by interconnected walls. The pores have average dimensions in the order 
of 10 to 30 nm and a pore wall thickness ranging from 10 to 20 nm.  
 
Figure 5.2: SEM images of anodize WO3 (a) cross sectional view (b) top view (c) a 
magnified image of the interface in (b) and (d) a magnified image of cross sectional 
view. 
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The magnified cross sectional image of WO3 obtained after anodization at voltage 
of 10 V for 15 minutes and room temperature presented in Figure 5.2(d) reveals a 
porous film with the thickness of ~500 nm. The thickness of 500 nm was chosen as 
Rozina et al. have demonstrated that sensing properties can enhance as the thickness of 
oxide films decreases for anodized oxide films [2]. Thickness below that 500 nm could 
not be implemented as the short circuit occurred while forming the Schottky contacts. 
In order to examine the composition of the porous WO3 layers, XPS analysis was 
carried out. Figure 5.3(a) shows the XPS spectra obtained from wide survey scan 
presenting peaks of W, oxygen (O), nitrogen (N) and carbon (C). Presence of carbon 
and nitrogen on the surface is attributed to atmospheric contamination. Figure 5.3(b) 
shows the high resolution core level W 4f spectra of WO3 films. The binding energies 
of 35.4 and 37.9 correspond to W 4f7/2 and W 4f5/2, respectively, [3] indicating a 
stoichiometry WO3 film.  
 Figure 5.4(a) shows the X-ray diffraction (XRD) patterns of WO3 films and after 
annealing. According to the XRD patterns in Figure 4a, the as-anodized nanoporous 
WO3 film appears to be amorphous (ICDD 04-0806) as only the tungsten peaks exist  
[4, 5]. The strongest diffraction peaks appear at 23.2, 24.1, 29.5, 33.9, 42.0, 49.5 and 
55.5° for the annealed sample. The peaks clearly show the crystalline signature of 
orthorhombic phase (ICDD 20-1324) WO3, which is consistent with previous reports 
[4, 5].  
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Figure 5.3: (a) The XPS survey scan of nanoporous WO3 film and (b) XPS spectrum 
of W 4f peaks of the nanoporous WO3 film. 
 
This result was further verified by the Raman spectra presented in Figure 5.4(b). 
The as-anodized WO3 film exhibited two weak and broad Raman bands centered at 770 
and 960 cm1, respectively. After annealing, new peaks appearing at 807 and 710 cm1 
as well as at 134 and 271 cm1, indicating the OWO3 orthorhombic phase of the films 
[4, 5]. This pattern can be assigned to either monoclinic or orthorhombic phase, as it 
has been reported that monoclinic phase of WO3 has a very similar Raman pattern to 
that of the orthorhombic phase [5]. However, the orthorhombic phase is more likely as 
it was confirmed by the XRD analysis. 
121 
 
 
Figure 5.4: (a) (a) The XRD patterns of nanoporous WO3 film: as-anodized and after 
annealing in air for 1 hour at 450 °C. The orthorhombic phase (ICDD 20-1324) is 
denoted by * while the as anodized film is amorphous as only the tungsten peaks exist 
(ICCD 04-0806) (denoted by ) and (b) the Raman spectra of the as-anodized and 
annealed nanoporous WO3 films  
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5.3.2 Gas sensing performances 
The currentvoltage (IV) characteristics were obtained in the presence of air 
alternately with 1% hydrogen gas (Figure 5.5(a)) or ethanol vapour (Figure 5.5(b)), 
respectively at temperatures ranging from 50 °C to 300 °C.  
 
Figure 5.5: (a) The IV characteristics of the nanoporous WO3 gas sensor upon 
exposure to (a) hydrogen gas and (b) ethanol vapour. 
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As the operating temperature increased, the relative change in the IV 
characteristics was observed with a very good non-linear curve. The IV curve 
obtained showing a comparatively low current at near room temperature since the 
charge carriers have insufficient energy to overcome the barrier height energy [47]. 
However, as the temperature was increased, a larger current flow as result of 
augmentation in the carrier’s energy. The increase in current can also be due to increase 
of electron-hole pair as the result of higher thermal energy [6-8]. Furthermore, the 
changes in currents were larger upon exposures to hydrogen gas and ethanol vapour. 
This is because hydrogen molecules atoms which diffuse and intercalate with WO3 
contributed to the decrease of Schottky barrier height (SBH) [9], which allow the 
doping of the material and also the formation of dipoles near the junction. The joint 
effect can result in more carriers with sufficient energies to flow over the lowered 
barrier easily via the thermionic emission mechanism [10, 11]. The mechanism of the 
gas sensing will be discussed in detail in the following section. 
The voltage shift of each sensor is attributed to the reduction of SBH, which can be 
calculated using the thermionic emission equation. The dependence of forward current 
on the applied voltage of Schottky diode is given by the expression [7]:  
 1 exp
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where Is, q, VF, T and k are the saturation current in ampere, charge of one electron in 
Coulomb, forward applied voltage in volt, absolute temperature in Kelvin and the 
Boltzmann’s constant, respectively. The Is is defined by:  
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in which A is the diode area in m2, A** is the Richardson constant and BΦ  is the 
Schottky barrier height in eV. Using equation [5.2], the SBH can be determined.  The 
SBH change in hydrogen,
)()()( 22 AirBHBHB
ΦΦΦ  or SBH change in ethanol,
)()()( AirBEthBEthB ΦΦΦ   at different temperatures were calculated and shown in 
Table 5.1.  
Table 5.1 
Barrier height change at different temperatures. 
Temperature 
(C) 
Barrier height change (eV) 
∆𝐵(𝐻2) ∆𝐵(𝐸𝑡ℎ) 
50 0.029 0.011 
100 0.039 0.018 
150 0.047 0.022 
200 0.065 0.028 
250 0.035 0.032 
300 - 0.041 
350 - 0.033 
 
As can be seen from Figure 5.5, the largest lateral voltage shift of the sensor 
towards hydrogen gas was observed at 200 °C, while for the exposure towards ethanol 
vapour, the largest voltage shift occurred at 300 °C.  It is suggested that, ethanol vapour 
dissociated by catalytic metals at higher temperatures as compared to hydrogen. 
Optimum operating temperature for the maximum voltage shift of hydrogen being 
lower compared to ethanol agrees well with the other previously reported Schottky-
based sensors [2, 12, 13].   
As the largest lateral voltage shifts upon exposure to hydrogen and ethanol were 
observed at 200 and 300 °C, respectively, the dynamic responses of the sensor were 
investigated at these temperatures. The dynamic responses of the sensor with the 
constant bias current of 100 A towards different concentrations of hydrogen gas and 
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ethanol vapour, in air background, are shown in Figure 5.6(a) and (b). The device 
demonstrated a very good response to hydrogen and ethanol at its respective optimum 
temperature, where the sensor’s output returns to the baseline after recovery.  
 
Figure 5.6: (a) The dynamic response of nanoporous WO3 gas sensors measured with 
different concentrations of (a) hydrogen gas at 200 °C and (b) ethanol vapour at 300 °C  
with a constant bias current of 100 A. 
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The stability of the sensor was investigated by repeatedly switched from air to 1 
% hydrogen over a few cycles and presented in Figure 5.7. The sensor was found to 
have stable response and recovery characteristics, indicating high repeatability and 
stability were achieved. The measurements were all conducted in no humidity 
environment. Humidity will certainly deteriorate the response of the device as reported 
previously [12, 14].   
 
 
Figure 5.7: Sensors’ repeatability of the sensor upon exposure to hydrogen gas at 200 
°C for 6 cycles. 
 
The voltage shift towards both hydrogen gas and ethanol vapour vs their different 
concentrations are presented in Figure 5.8. Voltage shift of 0.77, 0.99, 1.18, 1.38 and 
1.63 V were measured for 0.06, 0.125, 0.25, 0.5 and 1 % hydrogen gas, respectively. 
However, the same set of ethanol vapour concentration resulted in smaller voltage shift 
which are 0.4, 0.46, 0.55, 0.68 and 0.79 V, respectively, as discussed previously. As the 
concentration of the hydrogen gas or ethanol vapour increases, more hydrogen 
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molecules will be adsorbed on the Pt catalytic surface. Consequently, a lower barrier 
height was observed resulting higher voltage shift. Additionally, it can be clearly seen 
that the sensor is more sensitive to hydrogen as compared to ethanol.  
 
 
Figure 5.8. Voltage shifts of nanoporous WO3 gas sensors at different concentrations 
of target gas. 
 
The PhD candidate further evaluated the performance of the WO3 gas sensor in 
terms of the response and recovery time. The response time is defined as the time for 
90% of the total voltage change. Conversely, the recovery time is the time for 90% 
recovery of the total voltage change. Response and recovery time were obtained for the 
nanoporous WO3 Schottky diode sensor when exposed alternately to synthetic air with 
a hydrogen or ethanol balance concentration in the order of 0.06 - 1% and shown in 
Table 5.2. The sensor’s recovery time is about 4 times longer than the response time. 
The same trend of response and recovery time of other nanoporous metal oxide gas 
sensors have been reported where the recovery time is generally longer than response 
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time upon exposure to varieties of analyte [2, 15]. As the concentration of gas analyte 
increases, faster response is demonstrated. Conversely, the recovery time increases as 
the gas analyte concentration increase. It is suggested that, at higher concentrations of 
the target gas, a larger number of target gas molecules dissociate onto catalytic metal 
and adsorb inside the porous film [16]. As a result, faster response is observed as 
compared to response of target gas at lower concentration. However, purging the target 
gas out from the nanoporous films takes longer time as the concentration of the target 
gas in the films results in a deeper stoichiometry changes within the films, which 
requires longer recovery time to return to its initial condition.  
Table 5.2  
Response and recovery time of the sensor at different analyte  
concentrations. 
Analyte  
concentration  
(vol %) 
Hydrogen Ethanol 
Response 
time (s) 
Recovery 
time (s) 
Response 
time (s) 
Recovery 
time (s) 
0.06  43 108 55 128 
0.12 38 111 42 139 
0.25 29 124 32 153 
0.5 23 151 27 172 
1.0 20 180 25 185 
 
Shorter response time is observed upon hydrogen exposure in comparison with 
response to ethanol. Hydrogen gas dissociated directly to produce hydrogen ions, while 
ethanol vapour needs an additional dehydrogenation step where ethanol dissociated into 
ethoxides and acetaldehyde before generates the hydrogen ions [17, 18]. Thus, the 
device demonstrated longer response time upon ethanol vapour exposure.  
The mechanism of the nanoporous WO3 gas sensor is further discussed. 
Dissociative chemisorption of molecular hydrogen onto Pt, forming hydrogen ions (H+) 
and electrons charge (𝑒−) is described as [19]: 
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H2(g) → 2H
+ + 2𝑒− (5.3) 
Similarly, on the catalyst surface, ethanol molecules start to dissociate into 
ethoxides and further oxidize into acetaldehyde as in equation (4) and (5) when the 
temperature increases [20]: 
C2H5OH(g) → CH3CH2O + H(a) (5.4) 
C2H5O(a) → CH3CHO(g) + H(a) (5.5) 
in which (g) and (a) stand for the gaseous and adsorbed species, respectively. The H 
atoms produced from equation (5.4) and (5.5) are further broken down to H+ and an 
electron 𝑒− , resulting in adsorbed H+.  
The accumulated absorbed H+ ions from equation (5.3) to (5.5) further spills 
through the catalytic metal and intercalate with WO3 pore wall that can be described 
according the following formula [21]: 
WO3 + 𝑥H
+ + 𝑥𝑒− ⇋ H𝑥WO3 (5.6) 
The released electrons in equation (5.6) reduce the length of the depletion region 
in the oxide film, which decreases the resistance of the film and also the barrier height 
that corresponds to the voltage shift for the gas sensor [19].  
As the system is maintained at an elevated temperature, it is also possible that 
H𝑥WO3 breaks down into reduced WO3 producing H2O vapour [22].  
2H𝑥WO3  ⇋  𝑥H2O + 2WO3−𝑥/2 (5.7) 
Exposing the sensors back to air (oxygen rich environment) the reduced oxide 
restores its stoichiometry to form WO3. 
WO3−𝑥/2 + (𝑥/4)O2 ⇋ WO3 (5.8) 
This allows the repeatability of the gas sensor. 
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5.4 Summary 
In this chapter, the PhD candidate presented her investigations on highly ordered 
nanoporous WO3 Schottky-based gas sensor synthesized via electrochemical 
anodization of W. Pt was deposited as a Schottky forming contact, which also provided 
catalytic properties for sensing hydrogen gas and ethanol vapor. The structural 
properties of WO3 films were investigated using SEM, XRD, XPS and Raman 
spectroscopy demonstrating the existence of an orthorhombic crystal phase made of 
pores in the order of 10 to 30 nm in dimensions. The Pt/WO3 Schottky-based gas sensor 
was tested towards hydrogen and ethanol molecules in gaseous environments. The 
porosity of WO3 structure resulted in a high surface to a volume ratio sensitive film that 
facilitated the gas molecules adsorption/desorption. Gas sensing measurements for the 
device exhibited the best performance towards hydrogen obtaining a voltage shift of 
1.67 V for 1% hydrogen, when the device was biased at a current of 100 A and 
operated at 200 C. The WO3 nanoporous Schottky gas sensor also produced good 
reproducibility and repeatable responses with a stable baseline. 
 In the next chapter, the author will present the summary and concluding remarks 
of her PhD thesis. In addition, the author will highlight her achievements and elaborate on 
the future outlooks for this research.  
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Chapter 6  
Conclusion and Future Works 
6.1 Concluding remarks 
The PhD candidate commenced her PhD research with the vision of creating novel gas 
sensing devices with enhanced performance based on selected nanoporous and 
nanotubular (filled or empty tubes) metal oxide films. The author chose electrospinning 
and anodization methods in order to produce desired nanostructures that enabled 
remarkable enhancement in their sensing properties as shown in the previous chapters 
of this thesis. 
In the course of carrying out this research, the author investigated and critically 
assessed numerous literatures on semiconductor metal oxide gas sensors. Upon this 
critical review and analysis, the PhD candidate chose to focus on metal oxides with 
nanoporous and nanotubular morphologies. These morphologies were selected due to 
the fact that they could naturally provide the best pathways for the diffusion of gas 
molecules in and out of the sensitive films and also their continuous structures along 
the nano-walls could enable the facile passage of free carrier charges for fast response 
and highly sensitive performance of the sensors. SnO2, Nb2O5 and WO3 were chosen as 
the target sensitive metal oxide films.  
SnO2 was identified as the most common gas sensitive metal oxide, also as an 
invaluable platform for benchmarking. The author demonstrated that she could greatly 
control the synthesis of nanotubular fiber morphologies of SnO2. These nanofibers with 
granular walls and controlled oxygen vacancies were synthesized by electrospinning 
using a cocktail of solutions containing stannous chloride, polyvinyl pyrrolidone, 
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polyacrylonitrile and dimethylformamide. The electrospun nanofibers applied as 
sensing layers and were proved to offer significant enhancement in the operation of 
SnO2 based gas sensors by reducing their operating temperatures.  
The PhD candidate focused on the anodization procedures to create nanoporous 
Nb2O5 films. These sensing films were synthesized by anodizing Nb foils at elevated 
temperatures using ethylene glycol and ammonium fluoride as the electrolyte, which 
resulted in highly nanoporous Nb2O5 structures. She investigated the concept of ethanol 
vapour Schottky-based gas sensors by depositing a thin layer of platinum layer with a 
dual functionality; as a catalyst and Schottky establishing contact.  
Next, the author of this thesis, for the first time, presented the idea of intercalating 
ionic species generated from gas molecule interactions with Nb2O5 films. She used 
modified anodization parameters with the intention of accelerating the etching process 
and obtaining more robust and high density nanoporous films. The anodization process 
of Nb film sputtered on FTO glass was carried out in glycerol mixed with dipotassium 
phosphate at a high temperature. The PhD candidate showed that the interaction with 
hydrogen containing gas species could efficiently modulate anodized Nb2O5 films’ 
transparency. Hence, the system could be used as an optical gas sensor. 
The PhD candidate conducted research on nanoporous WO3 based systems, as the 
final section of the thesis. Gas sensors were developed based on the Schottky contacts 
of WO3 and used for gas sensing that had not been demonstrated before. The sensing 
films were synthesized via anodization of W foils at room temperature. The author of 
this thesis successfully developed nanoporous WO3 Schottky-based ethanol and 
hydrogen sensors and presented their unique advantages over previously reported 
works based on nanoporous WO3.  
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In order to achieve the objectives of this PhD research, the candidate divided her 
investigation into four stages. The major findings of each stage are summarized as 
follows: 
6.1.1 Stage 1 
 In the first stage, the author demonstrated electrospin synthesis process for the 
fabrication of SnO2 nanofibers. The electrospinning process resulted in 
nanofibers with corrugated surface composed of many aggregated grains that 
contained significant oxygen vacancies.  
 Nanofibers with different morphologies and diameters could be achieved by 
manipulating the applied stirring speed of pre-cursor solutions. 
 The author assessed their gas sensing performance and found that nanofibers 
with the smallest diameter, containing the highest oxygen vacancies, 
demonstrated the best sensing capability at low operating temperatures. 
 
6.1.2 Stage 2 
 In the second stage, the PhD candidate sought to investigate the potential of 
nanoporous Nb2O5 films which were fabricated via anodization as ethanol 
Schottky-based gas sensing devices. The author showed that nanoporous 
sensing films greatly enhanced sensing performances. 
 The author focused her investigation on the effect of catalytic metals on sensing 
performances. The catalytic metals such as Pt, Pd and Au were chosen in this 
study due to their relatively large work function in comparison with Nb2O5. 
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 The author found that sensing device equipped with a Pd catalyst demonstrated 
the highest sensitivity as well as relatively short response and recovery times as 
compared to the devices equipped with Pt and Au catalysts.  
 The excellent performance of the PdNb2O5 gas sensor was attributed to the 
properties of Pd catalyst allowing efficient breakdown of ethanol molecules and 
better solubility of the H atoms, in comparison to Pt and Au. 
 The author also demonstrated the selectivity of the developed sensing device 
towards hydrogen and methane. It was found that, the sensor exhibited a strong 
selectivity to ethanol and hydrogen and was less sensitive to methane. 
 
6.1.3 Stage 3 
 Despite being widely used as electrochromic devices, the potential of Nb2O5 
nanoporous for optical gas sensing was less investigated. The author postulated 
that Nb2O5 nanoporous could potentially be used as an optical gas sensing 
system due to its intercalation capability. Hence, for the first time, the PhD 
candidate developed optical gas sensing devices based on nanoporous Nb2O5 
films. 
 Nanoporous Nb2O5 with a large surface-to-volume ratio coated with a thin layer 
of Pt provides enhanced pathways for efficient hydrogen adsorption and 
dissociation. 
  The presence of a thin Pt layer facilitated the dissociation of hydrogen gas 
molecules into H+ ions from the hydrogen gas. The H+ ions further intercalated 
into the nanoporous films, thereby resulted in an energy bandgap change of the 
material that induced an optical response. 
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 The author found that the devices demonstrated excellent absorbance changes at 
100 °C with a response factor of 12.1 % at 1% hydrogen in ambient air, as well 
as a rapid response and recovery. 
 
6.1.4 Stage 4 
 In this final stage, the PhD candidate for the first time developed nanoporous 
WO3 Schottky-based gas sensors. The nanoporous films obtained by an 
anodization method provided a high surface-to-volume ratio, enhancing the gas 
adsorption and desorption. 
 The PhD candidate investigated the performance of nanoporous WO3 Schottky-
based gas sensors in the presence of ethanol vapour and hydrogen gas.  
 Analysis of the currentvoltage characteristics and dynamic responses of the 
sensors indicated that these devices were more sensitive to hydrogen gas 
compared to ethanol vapour at an optimum operating temperature of 200 C.  
 The WO3 nanoporous Schottky gas sensors also produced good reproducibility 
and repeatable responses with stable baselines. 
 
6.2 Journal publications 
The work conducted by the author of this dissertation during her candidature resulted in 
four journal publications, as the first author, and four as the co-author. The list of 
author’s scientific manuscripts is as follows: 
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 Chemistry C, 2014, 118, 3129-3139. 
2. R. A. Kadir, R. A. Rani, A. S. Zoolfakar, J. Z. Ou, M. Shafiei, W. Wlodarski, 
 et al., "Nb2O5 Schottky based ethanol vapour sensors: Effect of metallic 
 catalysts," Sensor and Actuators B: Chemical, 202 (2014), pp. 74-82. 
3. R. Ab Kadir, R. A. Rani, Manal M. Y. A. Alsaif, J. Z. Ou, W. Wlodarski, A. 
 P. O'Mullane and K. Kalantar-zadeh, “Optical gas sensing properties of 
 nanoporous Nb2O5”, ACS Applied Materials & Interfaces, 2014  
4. R. Ab Kadir, Wei Zhang , J. Z. Ou, W. Wlodarski, A. P. O'Mullane  and  K. 
 Kalantar-zadeh, “Anodized Nanoporous WO3 Schottky Contact Structure for 
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5. S. Zoolfakar, R. Ab Kadir, R. A. Rani, S. Balendhran, X. Liu, E. Kats, S. K. 
 Bhargava, M. Bhaskaran, S. Sriram, S. Zhuiykov, A. P. O'Mullane and K. 
 Kalantar-zadeh, “Engineering electrodeposited ZnO films and their 
 memristive  switching performance”, Physical Chemistry Chemical Physics, 
 2013, 15, 10376-10384. 
6. R. A. Rani, A. S. Zoolfakar, J. Z. Ou, R. Ab. Kadir, H. Nili, K. Latham, S. 
 Sriram, M. Bhaskaran, S. Zhuiykov, R. B. Kaner and K. Kalantar-zadeh, 
 “Reduced impurity-driven defect states in anodized nanoporous Nb2O5: the 
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 Communications, 2013, 49, 6349-6351. 
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 prepared with a glancing angle deposition method toward reductive and 
 oxidative analytes,” Sensors and Actuators B: Chemical, 183(2013) 364-71. 
8. S. Walia, S. Balendhran, Y. Wang, R. Ab Kadir, A. Sabirin Zoolfakar, P. 
 Atkin, et al., “Characterization of metal contacts for two-dimensional 
 MoS2 nanoflakes,” Applied Physics Letters, 103(2013). 
 
6.3 Recommendations for future works 
Significant advancement in the field of gas sensing materials has been achieved during 
the course of this PhD project. However the PhD candidate has identified few other 
opportunities for expanding this research. In alignment with those presented in this 
thesis, the author recommends the followings as future works: 
 The sensing devices based on electrospun SnO2 nanofibers presented in Chapter 
2 have shown to operate at 150 °C. However it is worthy to investigate the 
doping effect on the sensing performances. By doping the nanofibers with Pt, 
Pd or Au it is believed that the operating temperature of the devices will reduce 
significantly.  
 It has been demonstrated that by controlling the volume of the precursor 
solutions and the stirring speed, morphology and stoichiometry of the 
nanofibers can be tailored. There are possibilities to produce different structures 
of nanofibers that will improve sensor performance by introducing different 
polymers in the precursor solutions as well as further adjusting electrospinning 
parameters.  
 As presented in Chapter 3, the anodized nanoporous Nb2O5 Schottky-based gas 
sensors demonstrated remarkable performance in the presence of reducing gas 
141 
 
species (H2, C2H5OH and CH4). It is known that the response of oxidizing gases 
(NO and NO2) is opposite to that of reducing gas species. However, the 
oxidizing gases don’t produce any intercalation effect and the overall response 
behaviour is still unknown. The investigation of the gas sensor in the presence 
of oxidizing gas was not possible in the time frame of this thesis. Consequently, 
it is suggested to further study the sensing performance of the devices in the 
presence of oxidizing gases.  
 As presented in Chapter 4, the PhD candidate observed the changed of optical 
absorption properties of Nb2O5 films due to the intercalation of H
+ ions into the 
nanoporous films. There are two widely accepted models for describing this 
response behaviour. The first one is due to the H+ intercalation called “double 
injection model” and the second one is due to the stoichiometry change of the 
films. Hence, the PhD candidate suggests for further investigation on the 
composition of the final products after the interaction with H2 gas using 
spectroscopic and diffraction techniques to reveal the actual model of 
nanoporous optical sensing mechanisms.  
 Furthermore, the Nb2O5 nanoporous optical gas sensor films presented in 
Chapter 4 incorporated a thin layer of Pt catalyst to facilitate gas dissociation 
onto the sensitive layers. Different types of catalysts should be employed for 
future investigations. 
 As presented in Chapter 5, nanoporous WO3 Schottky-based gas sensors 
demonstrated good performances in the presence of hydrogen gas and ethanol 
vapour. The sensing responses were associated to the intercalating H+ species 
that were generated as the result of the hydrogen and ethanol molecules 
breakdowns onto Pt/WO3 contact. Therefore, it is beneficial to investigate the 
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effect of H+ intercalation in the WO3 nanoporous films and observe the changes 
in its optical responses. It is believed that, the utilizations of nanoporous WO3 
films can produce superior optical gas sensors, owing to the highly ordered 
structures that provide continuous pathways for fast transfer of electrons.     
 It is also beneficial to investigate plasmonic resonance effects of nanoporous 
WO3 films under different gas environments such as different volatile organic 
compounds, carbon oxides and hydrocarbons. The selectivity for various gases 
can be tuned by adjusting the stoichiometry of the films. The outcomes of this 
investigation can be potentially used for developing gas sensors with multi-gas 
detection abilities. 
 
 
 
